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ABSTRACT 
la 1995-97, experiments were conducted in the field, greenhouse, laboratory, and 
growth chamber to identify methods that may be used to screen soybean cultivars for field 
resistance to S. sclerotiorum, and to determine pathogen dispersal patterns in the field. 
Differences in resistance to S. sclerotiorum were detected among cultivars in the field (p = 
0.0001) and when mycelial inoculations were made on detached leaves, stems, or foliage (p ^ 
0.05). Percentage of leaf area covered with lesions obtained firom detached leaf assays had 
the strongest correlation with incidence of stem rot in the field (R = 0.63). 
Three methods not involving fimgal inoculations were tested to determine if they may 
be usefiil in identifying soybean cultivars with field resistance to & sclerotiorum. Levels of 
soluble pink pigments from soybean stems were different among cultivars (p s 0.05), were 
negatively correlated with disease incidence in the field (R = -0.55), and may be usefiil in 
identifying resistant cultivars. Lengths of discolored portions of stems that were severed 
near soil level and placed in 40 mM oxalic acid were different among cultivars (p s 0.05) and 
were correlated with disease incidence in the field (R = 0.66). Total concentrations of the 
isoflavones daidzein and genistein and their glucosyl conjugates in oven-dried leaves from 
non-inoculated and inoculated greenhouse-grown plants differed among cultivars (p ^ 0.05) 
and were negatively correlated with disease incidence in the field (R = -0.66). Genistein 
inhibited mycelial growth of S. sclerotiorum on water agar at 120 and 240 when 
incubated at 18 and 26 C. 
Diseased plants were detected in an inoculum-free soybean field at least 50 m from an 
adjacent com field infested with S. sclerotiorium. Disease gradients in the soybean field were 
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best described by the Kiyosawa and Shiyomi model (R? = 0.86). Within soybean, fields, 
diseased plants were detected 20-45 m fi-om area and strip sources of inoculum. Disease 
incidence decreased vath increasing distance from point sources of apothecia placed at the 
centers of soybean plots. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Soybean [Glycine max (L.) Merrill] is a major oilseed crop of the world. The dry 
weight of the soybean seed is approximately 40% protein and 20% oil (45). By 1985, 
soybean seed provided nearly 60% and 30% of the world's supply of vegetable protein and 
oil, respectively (51). Protein from soybean seed is used mainly as livestock feed, but is also 
a component of various food products. It is also used in various industrial applications, and 
is a major human protein source in many developing countries. Soybean oil is an important 
and major constituent of various fat and oil products, such as margarine and shortenings (45). 
In 1994, soybean was grown on 62.44 x IQ® ha worldwide and yielded 137.82 x 10^ t 
valued at US$30.39 x 10^ (52). During the same year, the United States produced 51% of the 
world's soybean valued at US$15.53 10^ The northcentral states of Iowa, Illinois, 
Minnesota, Indiana, Ohio, Missouri, Nebraska, South Dakota, Kansas, Wisconsin, Michigan, 
and North Dakota produced 81% of the 1994 U.S. soybean crop, whereas 18% was produced 
in the midsouth and southeastern states (152). 
Diseases are a major cause of soybean crop loss (152). In recent years, Sclerotinia 
stem rot [Sclerotinia sclerotiorum (Lib.) de Bary] has emerged as one of the leading causes of 
soybean yield loss in the northcentral region of the U.S. In a report of soybean production 
and disease loss estimates for the northcentral region of the U.S. from 1989 to 1991 (42), 
Sclerotinia stem rot was ranked 12^ among diseases that reduced soybean yield. In contrast, 
a similar report (152) for the top 10 soybean producing countries in 1994 ranked Sclerotinia 
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stem rot second only to the soybean cyst nematode (Heterodera glycines Ichinohe) as the 
leading cause of soybean yield loss across the entire U.S. Because of the recent increase in 
the importance of Sclerotinia stem rot as a major cause of soybean yield loss, intensive 
research efiforts are underway in the northcentral region of the U.S. to find effective methods 
of control. Areas of research include pathogen life cycle, survival, epidemiology, 
identification of resistant or tolerant cultivars, mechanisms of host resistance, pathogenesis, 
and disease control with row spacing, tillage, and chemicals. 
Hypotheses on the recent increase of Sclerotiiiia stem rot of soybean. Several 
hypotheses have been proposed for the recent increase of Sclerotinia stem rot of soybean in 
the northcentral region of the U.S. and Canada. Use of susceptible cultivars may have 
contributed to increased occurrence of the disease, because planting susceptible cultivars 
increases inoculimi potential. In addition, reduced use of the herbicide atrazine is considered 
a possible reason for the increased prevalence of the disease. Use of atrazine reduces 
effective inoculum over time. Radke and Grau (IIS) and Casale and Hart (30) have shown 
that atrazine stimulates carpogenic germination of sclerotia, but the stipes and ^thecia are 
malformed and unable to form viable ascospores. One other possible reason for increased 
occurrence of Sclerotinia stem rot of soybean is use of management practices such as 
reduced- or no-tillage (147, 153), rotation with other hosts of S. sclerotiorum (57, 112, 147), 
and narrow row spacing and irrigation (56). When reduced- or no-tillage practices are 
employed, sclerotia of S. sclerotiorum concentrate on or near the soil surface in contrast to 
dispersal through the plow layer with conventional tillage. Only those sclerotia within the 
top 5 cm of soil are the effective inoculum sources. Thus, most sclerotia can germinate 
carpogenically before they are decayed by other soil microorganisms. Including susceptible 
3 
hosts in rotation schemes also increases the inoculum potential. Narrow-row cultural 
practices allow for early closure of the crop canopy, thereby creating an earlier and more 
prolonged environment that is uniavorable for weed development. However, an enclosed 
canopy provides an environment &vorable for carpogenic germination of sclerotia, 
development and maturation of apothecia, infection, and disease development In a study to 
determine the effect of row width and cultivars on disease severity^ and yield, Grau and Radke 
(56) found that the mean disease severiQr index was three times greater, and mean yields were 
42% lower for six soybean cultivars that were grown at 38-cm row spacing than for cultivars 
that were grown at 76-cm row spacing. Soybean cultivars with a bushy growth habit may 
similarly create a canopy environment favorable to disease development, especially if planted 
at narrow row spacing. In bushy cultivars, there is reduced air flow through the canopy as 
well as increased contact of foliage and pods with the soil (120), and the canopy microclimate 
is more favorable to sclerotial and ascospore germination, mycelial colonization, and 
subsequent infection (126). In studies of Sclerotinia stem rot in common bean (Phaseolus 
vulgaris L.), Saindon et al. (120) found that four upright lines had lower disease incidence 
and less disease severity than a control viny line. Irrigation creates the cool, wet environment 
that is favorable for germination of ascospores, infection, and development of the disease (17, 
126). 
Research rationale. Because of the heavy soybean yield losses caused by Sclerotinia 
stem rot (152), there is a need for an effective, integrated control approach to manage the 
disease. First, it is necessary to identify soybean cultivars with field resistance to the disease. 
Such cultivars may be useful in soybean breeding programs. Coupled to the need to identify 
soybean germplasm resistant to Sclerotinia stem rot is the development of effective, time-
saving screening methods that can be used in the field, greenhouse, or laboratory. Second, it 
is desirable to prevent or limit disease dissemination. To do this, it is necessary to understand 
the patterns of pathogen spread and to determine isolation distances at which to plant 
susceptible host crops. Current knowledge about how far S. sclerotiorum can disperse within 
and between soybean fields is scant. Knowledge about the pattern of spread of the pathogen 
is also lacking, and the potential for pathogen spread from infested fields to adjacent or 
neighboring fields has not been investigated. 
Several investigators (19,20,33,34,57, 106,107) have detected significant 
differences in resistance to S. sclerotiorum among soybean cultivars in field, greenhouse, 
growth chamber, and laboratory conditions. However, there is lack of information on which 
methods may be most effective in identifying resistant cultivars. In addition, results from 
experiments aimed at identifying soybean cultivars resistant to Sclerotinia stem rot have often 
been inconsistent (33, 34, 111), and varying degrees of correlation between cultivar responses 
in artificial conditions (greenhouse, growth chamber, or laboratory) and natural field 
conditions have been reported (33,34, 106,107). 
Studies aimed at elucidating dispersal distances and patterns have been carried out for 
several pathosystems (10, 11,12,103, 104 130-132), but not for the soybean-Sl sclerotiorum 
pathosystem. Dispersal distances of ascospores of S. sclerotiorum in kidney bean fields have 
been reported to range from 25 m to several hundred meters, and the potential for field-to-
field spread of the pathogen has been suggested (130-132). 
Dispersal studies, such as those reported for kidney bean fields infested with S. 
sclerotiorum (130-132), have not been carried out in soybean fields infested with the 
pathogen. There is a need for information on dispersal and deposition patterns, disease 
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gradients, and dispersal distances in soybean fields infested with S. sclerotiorum. Such 
information would enhance understanding of the epidemiological factors that may underly 
spread of the pathogen between and within fields, and would be useful in identification of 
inoculum sources, determination of isolation distances for phj^osanitary certification, and 
devising of strategies aimed at integrated control of Sclerotinia stem rot of soybean. 
Research objectives. The objectives of this research were to: 
1. Identify greenhouse, growth chamber, or laboratory methods that may be used to 
effectively screen soybean cultivars for field resistance to S. sclerotiorum by comparing 
cultivar response to the pathogen in greenhouse, growth chamber, or laboratory conditions to 
response to the pathogen under field conditions, and 
2. Determine between- and within-field dispersal patterns of S. sclerotiorum. 
Dissertation Organization 
This dissertation consists of an abstract and five chapters. Chapter I is a general 
introduction stating the importance of soybean as a world food crop, rationale for the reseach 
conducted, and research objectives. This is followed by a presentation of literature review on 
the biology, ecology, epidemiology, and control of S. sclerotiorum. The chapter concludes 
with a section on a review of literature pertinent to the research conducted. Chapter 2 
presents the methodology, results, and discussion of research conducted to compare soybean 
cultivar responses to S. sclerotiorum in the greenhouse, laboratory, and growth chamber to 
responses of the same cultivars to the pathogen under field conditions. Chapter 3 presents the 
methods, results, and discussion of research performed to investigate a possible relationship 
between levels of isoflavone glucosyl conjugates in soybean cultivars and resistance to S. 
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sclerotiorvm. Chapter 4 presents the methods, results, and discussion of field experiments in 
which between- and within-field dispersal of S. sclerotiorum was investigated. Chapter 5 
simimarizes research results and suggests relevant subject areas that may need further 
investigation. 
Litcratore Revicvir 
Biology, ecology, and epidemiology of Sderotinia 
History and nomenclature. A detailed history of Sderotinia sclerotiorum (Lib.) de 
Baiy has been described by Purdy (114). The pathogen was first described in 1837 by 
Madame M. A. Libert (114), who named it Peziza sclerotiorum. In 1870, Fuckel erected and 
described the genus Sderotinia (114). He honored Madame Libert by renaming Peziza 
sclerotiorum as Sderotinia libertiana. The binomial Sderotinia libertiana Fuckel was 
accepted and used by authors until 1924, when Wakefield (139) showed that it was 
inconsistent with the International Rules of Botanical Nomenclature. Wakefield cited G. E. 
Massee as the proper authority for Sderotinia sclerotiorum (Lib.) Massee because Massee 
had used the binomial in 1895. However, de Bary (37) had used the binomial in 1884. 
Therefore, the proper name and authority for this pathogen is Sderotinia sclerotiorum (Lib.) 
de Bary. In 1972, Korf and Dumont (82) erected the genus Whetzelinia, ^ ified by S. 
sclerotiorum. Therefore, the binomial Sderotinia sclerotiorum (Lib.) de Bary is equivalent 
to Whetzelinia sclerotiorum (Lib.) Korf and Dumont. The generic and species characters 
important in the taxonomy of S. Sclerotiorum have been discussed by Kohn (81). Currently, 
S. sclerotiorum is classified as follows: Kingdom Fungi; Phylum Ascomycota; Class 
Ascomycetes; Order Helotiales; Family Sclerotiniaceae; Genus Sderotinia', Species 
f 
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sclerotionm (8). 
The first report of Sclerotinia stem rot of soybean was in Hungary in 1924 (124). The 
disease was first reported in the United States in 1946 (124) for Iowa, Maryland, New York, 
and Virginia (143). Although the disease was considered to be of minor importance in 
soybean (31,57), its incidence, severity, and importance have recently increased in the 
soybean growing areas of the northcentral region of the U.S. and Canada (20, 106). 
Host range. S. sclerotiorum has a wide host range. Purdy (114) reported that hosts 
of S. sclerotiorum occured within 64 plant families, 225 genera, 361 species, and 22 other 
categories. An index of 51 sclerotiorum hosts compiled firom the literature by Boland and 
Hall (23) lists 75 families, 278 genera, 408 species, and 42 subspecies or varieties. One host 
species listed is a member of the division Pteridophyta, the rest belong to the classes 
Gymnospermae and Angiospermae of the division Spermatophyta. Most hosts of S. 
sclerotiorum are herbaceous, dicotyledonous angiosperms, but several hosts are monocots 
(23). 
Sclerotium formation. The brief description of formation of sclerotia of 51 
Sclerotiorum given here is adapted, in part, firom that of de Bary (37), who described in detail 
the process by which sclerotia develop when cultivated on a microscopic slide. Sclerotia of 
S. sclerotiorum develop as secondary formations on several adjacent branches of the primary 
mycelium. The young sclerotium forms above the substratum as a tuft of loosely tangled 
branches of hj(T)hae which grow vigorously, coalesce, and develop into a dense white mass or 
ball whose tissue contains interstices filled with air. The sclerotial tissue constantly increases 
in size by formation of new h3'phal cells and expansion of existing cells. Then, concurrently, 
hyphal cell membranes thicken, the interstitial spaces partially disappear, and the tissue 
J 
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di£ferentiates into an inner medulla of loosely packed hyphae and an outer cortex of thin-
walled compact cells. This process of differentiation is centrifugal, commencing in the 
interior of the tissue and advancing rapidly towards the circumference. Maturation is maiked 
by surface delimitation, internal consolidation, and excretion of liquid droplets. The 
scierotium is delimited by formation of a rind external to the cortex and covered with the 
outermost, undifferentiated white layer of the original ball of tissue. This white, felted 
covering disappears and exposes the rind, which consists of hyphal segments with thickened, 
agglutinated, and melanized walls (28,35). 
Le Toumeau (88) has discussed scierotium formation, composition, and the factors 
that affect scierotium formation and germination. When growth of a colony of S. 
sclerotiorum is restricted, such as when it reaches the edge of its container, its mycelial mat 
thickens and forms white mycelial mounds covered with small liquid droplets, which become 
larger as the scierotium increases in size and the surface begins to darken, and disappear as 
the scierotium surface continues to darken until it is black (88). Scierotium formation is 
complete within £q)proxiniately one week. In addition to forming at the edge of the petri plate 
(88), endogenous rhythms in some isolates of 51 sclerotiorum may cause sclerotia to form in 
concentric circles or other regular patterns over the substrate (72). 
The greatest portion of the dry matter of mature sclerotia is made up of carbohydrates, 
mainly p-glucan, chitin, glycogen, glucose, fructose, mannitol, and trehalose (88). Other 
constituents of the scierotium, determined from proximate chemical analyses are crude fat 
(2%), ash (3.5-5%), and protein (20-25%) (88). Nutritional factors that affect scierotium 
formation include availability of carbon and nitrogen sources as well as macronutrients (88). 
Non-nutritional factors such as light, temperature, pH of the medium, atmospheric 
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composition, and osmotic potential also affect formation of scierotia (32,146). Humpherson-
Jones and Cooke (70) found that S. sclerotiorum cultures produced more scierotia in light 
than in darkness, but dry weight per sclerotiimi was greater w^en the fungus was cultured in 
darkness. Light was most effective in increasing the number of scierotia when cultures were 
illuminated before formation of initials and when illuminated with ultraviolet and blue light 
Marukawa et al. (91) found that 51 sclerotiorum grew and formed scierotia over a temperature 
range of 0-30 C and a pH range of 2.5-9. Grogan and Abawi (62) found that mycelial growth 
was stimulated at osmotic potentials of -1 to -14 bars, there was measurable growth at -100 
bars, and scierotia formed at -65 bars but not at -73 bars. 
After repeated subculturing, some S. sclerotiorum isolates may lose the ability to 
form scierotia due to inabiliQr of the fungus to synthesize specific compounds necessary for 
sclerotium formation (92). Some unidentified acids have been shown to enhance production 
of scierotia (71), and it has been suggested that sclerin, a known metabolite of Sclerotinia 
spp., may be involved in formation of melanin and hyphal aggregates (88,92). Inhibitors 
may prevent sclerotium formation in Sclerotinia spp. (88). Some compounds that have been 
shown to inhibit sclerotium formation are /^•aminobenzo^c acid (6 mM) (92), phenylthiourea 
(1 mM) (87), Al"*^ (0.6 mM) (109), and fluorophenylalanine (0.1 mM) (41). Phenylthiourea 
and p-aminobenzoic acid are known inhibitors of polyphenoloxidase (88), an enzyme that 
catalyses production of phenolic oxidation compounds that protect pectic substances of plant 
cell walls. 
Sclerotium survival. 5. sclerotiorum survives in the soil and in plant debris as 
scierotia. Scierotia are compact segregations of vegetative, multicellular fungal hyphae with 
determinate grov^ (26,28). They contain reserve food materials (28) and have been 
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reported to survive in soil for more than seven years (16,35). However, Alexander and 
Stewart (7) demonstrated a rapid decline of sclerotia of S. sclerotionm and other sclerotium-
producing fungi in the field and concluded that sclerotia that survive for long periods are only 
a small fraction of the original populations. Factors that influence sclerotium survival have 
been discussed by Col^-Smith and Cooke (35). Sclerotium survival is variable from region 
to region (7) and may be influenced by structural Victors (such as the rind); enviromnental 
factors (such as moisture, temperature, aeration, pH, soil organic matter, and agricultural 
chemicals such as fungicides and herbicides); and biological factors (such as parasites and 
predators) (35). Sclerotia of 5. sclerotionm are capable of regeneration without intervention 
of a free-living mycelial stage (149). This regeneration is most active at depths of 5 cm and 
below and may be the means by which the fungus survives for long periods in the soil (149). 
Sclerotinm germination. Sclerotia exhibit constitutive dormancy which must be 
broken by preconditioning processes such as low temperature activation or thermocycling 
before germination can occur (35). Low temperature activation involves chilling sclerotia at 
0-5 C for 4-8 weeks followed by incubation at 14-22 C (1,35,40,69,105). Some isolates of 
S. sclerotionm do not require low temperature activation to germinate (69). C^arpogenic 
germination requires the presence of free water and considerable energy, which is mobilized 
by conversion of food reserves (mainly carbohydrates) in the sclerotium into soluble forms 
(35, 88). 
Sclerotia, through their mode of germination, bring about successful contact between 
the pathogen and a susceptible host plant This is considered their primary fimction (35). 
Sclerotia of S. sclerotiorum can germinate eruptively (myceliogenically) by forming hyphae, 
or carpogenically by forming apothecia (35). Carpogenic germination, which is 
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epidemiologically the more important of these two types of germination in soybean culture, 
starts with formation of the carpophores (stipes), which arise within the cells of the cortex or 
medulla as ^thecial initials (brown to hyaline clusters of interwoven hyphae) (88) and 
emerge through the ruptured rind (35). Many primordia form, but only a few erupt through 
the rind due to inhibition mechanisms (121,148). Each carpophore tip is then modified to 
form an apothecium by developing a depression, paraphyses, and ascogenous hyphae with 
croziers (83). Differentiation results in asci, each of ix^ch contains eight ascospores (83). 
Apothecia are generally brown, and ascospores are hyaline, single-celled, and ovate or 
somewhat elongated (8). Sclerotia of S. trifbliorum Erikss. are capable of forming two or 
more crops of ^thecia in successive years (149), but repeated carpogenic germination of 
sclerotia of S. sclerotionm has not been reported. An attempt in 1997 by the author to 
demonstrate formation of a second crop of apothecia fit>m sclerotia that formed apothecia in 
the field in 1996 was unsuccessful. The germinated sclerotia were collected from the field in 
August 1996, washed in tap water, dried, and stored at room temperature. After soybean 
canopy closure in the 1997 growing season, these sclerotia were placed in the top 1-2 cm of 
soil and left in irrigated field plots, but a second crop of ^x)thecia was not observed. 
In S. sclerotionm, light is required for development of fertile apothecia (35). 
Mylchreest and Wheeler (105) found that once stipes formed, mature apothecia developed 
after 5 days in near-UV light at 22 C. Only light below 390 nm has been shown to efifectively 
induce ^thecium formation (66). Some commercial fungicides, transition metal ions 
(especially cadmium), and low molecular weight carbohydrates (glucose, mannitol, and 
trehalose) have been shown to inhibit both eruptive and carpogenic germination (127). 
Boland and Hall (21) found that in soybean fields apothecia appeared after crop 
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canopy development during mid to late July and continued to fonn in 5-6 weeks. Soil matric 
potoitials were k -5 bars duiing the two weeks preceding sqipeaiance of apothecia. In 
tobacco fields, Hartill (63) did not find s^thecia of S. sclerotionm during prolonged dry 
periods, but ^thecia usually speared within I week of heavy rain. Williams and Stelfox 
(147) found that fanning practices had a significant effect on carpogenic germination of 
sclerotia. More sclerotia germinated in plots in viiich n4)eseed followed rapeseed than in 
plots sown with rapeseed for one year. Germination was significantly lower in plots that 
were deep-plowed than in plots that were sur&ce-cultivated, and sprii^ application of 
fertilizer (ammonia or urea) increased germination. 
Ascospore discharge, dispersal, and survival. Ascospores are the major source of 
primary inoculimi in the field (1,126). Ascospores of S. sclerotionm are released from asci 
within mature apothecia and are blown by air currents to susceptible organs of host plants, 
which are usually senescing parts of the plant, such as flower petals (1). Ascospores are 
released by forcible discharge, which is triggered by a sudden change in relative humidity 
(64, 100, 102,126). The process of ascospore discharge in S. sclerotiorum has been referred 
to as a "squirt-gun' mechanism (60), and details of the physical processes that underly this 
process have been disctissed by Zadoks and Schein (154). Simultaneous release of many 
ascospores causes "pufBng" (64) which creates turbulence and promotes aerial dispersal. 
Hartill and Underiiill (64) have described the process of pufBng. Ascospore discharge starts 
from a few asci, the rate of discharge increases, and reaches a maximum within a few 
hundredths of a second (64). Large ^thecia can maintain a high discharge rate for 0.2-0.3 
s. By this time most of the ascospores have been discharged, but a few individual asci may 
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continue to dehisce for up to 20 s. Ascospores can be ejected 2-3 cm above s^thecia (64), 
2q)parentiy in response to drying, because spore discharge has been shown to occur when 
relative humidity decreases (100,102). Therefore, S. sclerotionm ascospores are usually 
released during morning hours or after rain (101). Puffing frequently occurs under still air 
conditions (64). Simultaneous ascospore discharge fiom many asci gives individual 
ascospores a greater momentum (27) and a greater chance of penetrating a thick laminar 
boundary layer compared to ascospores discharged from individual asci (64). In turbulent air 
in daylight, ascospores are released continuously, and not by puffing (64). 
Longest dispersal distances of ascospores of S. sclerotionm have been reported to be 
25 m (130), several hundred meters (131,132), or several kilometers (25). It has been 
reported that a single s^thecium and a single sclerotium may produce up to 3 x lo^ and 2.3 
10^ ascospores, respectively (133). A mucilaginous material discharged along with 
ascospores helps to cement them to host tissues or other objects impacted during flight (2). 
Grogan and Abawi (62) found that ascospores atomized on bean leaves in the field survived 
for as long as 12 days. Therefore, ascospores deposited on host tissues may be c^ble of 
survival until conditions favorable to germination occur. 
Pathogenesis. Lumsden (89) has summarized the histology and physiology of 
pathogenesis in plant diseases caused by Sclerotinia spp. S. sclerotionm ascospores require 
an external nutrient source for successful host penetration (3,37). Lumsden (89), in the 
conclusions of his summary, listed the factors that contribute to the success of Sclerotinia 
spp. as pathogens: (i) production of penetration structures (infection cushions or ^pressoria) 
that aid in penetration of the host cuticle, (ii) formation of infection hyphae that develop 
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rapidly between cells beneath the cuticle and in the cortex, (iii) synthesis of pectolytic 
eni^rmes and oxalic acid to aid in degrading the middle lamellae of host ceUs, chelating 
cationic inhibitors of enzymatic activity, creating a pH environment within the host that is 
favorable to en^rmatic action, and detoxifying host cells to make them less responsive to 
invasion, and (iv) production of en^rmes that hydrolyze cell wall and protoplasmic 
constituents and provide a steady supply of nutrients for rapid growth and development of 
infection hyphae. 
The toxm principle. De Bary is reported to have been the first to consider 
involvement of oxalic acid in pathogenesis for diseases caused by S. sclerotiorum (93). 
Demetriades (38) found that the filtrate of a culture of 5. sclerotiorum grown on Richard's 
medium was toxic to chili {Capsicum anmam), fig {Ficus carica), potato (Solamim 
tuberosum), and vegetable marrow (Cucurbitapepd). However, the toxin could not be 
chemically characterized. Overell (110) found that in liquid media, toxic substances 
produced by S. sclerotiorum reached their highest concentration when the concentration of 
oxalic acid in filtrates was 10 mM after 32 days, but because oxalate could not be detected in 
tissue lesions, he concluded that oxalate was not involved in pathogenesis. Held (65) found 
that only pathogenic isolates of S. trifoliorum produced a toxic metabolite in liquid medium 
culture. 
In bean (Phaseolus vulgaris) hypocotyls infected with SI sclerotiorum. Maxwell and 
Lumsden (93) detected oxalate at 1.1,31.4, and 48.3 mg/g dry weight of tissue 0,2, and 4 
days alter inoculation, respectively. The pH of tissue extracts decreased from pH 6.1 on day 
0 to pH 4.1 on day 2, then increased to pH 5.8 on day 6. In vitro studies by the same 
investigators (93) revealed that there was a positive correlation between fungal growth rate 
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and rate of oxalate accumulation on glucose-succinate medium. Rai and Dhawan (116) 
showed the toxin isolated finm a culture filtrate of S. sclerotionm to be heat stable, 
translocatable in cnicifers (Brassica Jtawea), and soluble in some organic solvents. Th^r 
identified the toxin as oxalic acid. Noyes and Hancock (108) found a wilt-inducing substance 
in water extracts of sunflower (Helianthus annuus) hypoco^l lesions and demonstrated that 
the substance was oxalic acid. They found that wilted sunflower leaves contained 15 times 
more oxalic acid than leaves of healthy plants, and pH of xylem ssq) fiom infected plants 
taken 2 cm above lesions was lower than pH of sap from healthy plants by one unit. From 
this study, Noyes and Hancock (108) concluded that oxalic acid appeared to enter the 
vascular system during lesion development, moved systemically to the leaves, and caused the 
wilt syndrome. 
Possible role of oxatic acid in pathogenesis. Godoy et al (53) used mutants to 
demonstrate the role of oxalic acid in pathogenici^ of S. sclerotiorum. In their study (53), 
prototrophic mutants of S. sclerotiorum deficient in production of oxalic acid were obtained 
by UV irradiation and shown to be nonpathogenic. Fertar and Walker (48) found that oxalic 
acid produced by S. sclerotiorum and Sclerotium rolfsii Sacc. suppressed enzymatic 
browning in apples by mixed-competitive inhibition of o-diphenol oxidase, and reduced pH 
in bean pods to a level where the enzyme was inactive. On the basis of these results, Ferrar 
and Walker (48) postulated that the inhibitory action of oxalic acid on o-diphenol oxidase 
enhanced pathogen success by suppressing the host's defense mechanisms. Bateman and 
Beer (15) showed that enzymatic hydrolysis of calciimi pectate by the cell wall degrading 
enzyme polygalacturonase produced by S. rolfsii could not occur in the presence of the 
enzyme alone, but proceeded uninhibited in the presence of the enzyme and oxalic acid. 
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Because of the synergistic action of oxalic acid and polygalacturonase, Bateman and Beer 
(15) suggested that oxalic acid functioned to create an acid environment that &vored 
polygalacturonase activi^ and the removal of calcium fiom cell wall pectates, thus permitting 
rapid destruction of pectic substances within the host (15). In a study similar to that of 
Bateman and Beer (15), Maiciano et al. (90) found that a strongly virulent and a weakly 
virulent isolate of 51 sclerotionm both produced the cell wall degrading en^rmes 
polygalacturonase, cellulase, and jQrlanase in infected sunflower stems. However, these 
enzymes, although active at their optimum pH's in tissues inoculated with the strongly 
virulent isolate (around pH 4.0), were severely inhibited at pH 6.0, which was the pH of 
healthy tissues and those inoculated with the weakly virulent isolate. Marciano et al. (90) 
further found that sunflower tissues inoculated with the strongly virulent S. sclerotiorum 
isolate bad greater amounts of oxalic acid (compared with tissues inoculated with the weakly 
virulent isolate) and inhibited polyphenoloxidase activity most strongly at pH 4.0. They 
concluded that production of cell wall degrading en^rmes in infected tissues was necessary 
but not sufficient for successfiil infection (presence of oxalic acid enhanced activity of cell 
wall degrading enzymes), and that oxalic acid may function in inhibiting polyphenoloxidase, 
thereby limiting production of phenolic oxidation compounds that protect pectic substances 
of plant cell walls. 
Favaron et al. (44) foimd that in soybean hypocoQ^ls infected by S. sclerotiorum, 
oxalic acid and the polygalacturonase enzymes PG-II and PG-IV elicited production of the 
phytoalexin glyceoUin I, one of the phytoalexins produced by soybean (75). A group of 
researchers attending the NATO Advanced Study Institute on "Active Defence Mechanisms 
of Plants" in April 1980 at Sounion, Greece, defined phytoalexins as "...low molecular 
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weight antimicrobial compounds that are both synthesized by and accumulate in plants after 
their exposure to micicorganisms" (39). Sutton and Deverall (129) found that infection of 
epidermal cells and etiolated hypocotyls of bean and soybean by ascospores of S. 
sclerotiorum caused hypersensitivi^ and accumulation of the phytoalexins phaseoUin and 
phaseoUidin in bean leaves, kievitone alone in bean hypocoQrls, and glyceollin in soybean 
hypocotyls. Infection of the same hosts by mycelia of S. sclerotiorum caused accumulation 
of kievitone alone in bean hypocotyls and glyceollin in soybean leaves. The authors did not 
specify which glyceollin types accumulated in soybean leaves. These three phytoalexins 
inhibited ascospore germination and hyphal growth (129). 
The prominent role of oxalic acid in pathogenesis has been suggested in developing 
screening techniques for identification of cultivars resistant to S. sclerotiorum, based on the 
tolerence of these cultivars to oxalic acid. Noyes and Hancock (108) developed a sunflower 
cultivar screening test based on resistance of sunflower leaf cells to lysing when placed in 
oxalic acid at various concentrations. Tu (136) was able to distinguish between tolerant and 
susceptible white bean {P. vulgaris) cultivars based on the rate of diffusion of oxalic acid in 
leaf tissue. 
Life cycle and symptomatology. Sclerotinia stem rot of soybean is monocyclic. 
Localized out breaks of the disease have been associated with prolonged wet, cool periods in 
fields previously cropped with host crops (55,112, 123). The life cycle starts with 
carpogenic germination of sclerotia in the sprii^, summer, or fall. Ascospores released fixim 
mature apothecia are the source of most primary infections (1,138). Exogeneous sources of 
energy, such as senescing flower petals, are necessary for infection of non-injured healthy 
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plants (2). The disease is characterized by a white mycelial growth on the stems, leaves, and 
pods of infected plants. The upper leaves wilt, become grayish green, and eventually tum 
brown (124). Sclerotia form fix>m mycelia inside or on the sur&ce of infected tissues. Some 
sclerotia are released during harvesting and accumulate on the soil or with soybean seed. 
Sclerotia that eventually reach the soil are preconditioned to germinate the following growing 
season by low temperature activation or thermocycling (35). Infection can also arise fix)m 
myceliogenic germination of sclerotia in contact with leaves (137). 
Mechanisms of dissemination. Animals, wind, water, and man (via movement of 
plant tissue and seed) frequently and passively disperse soil pathogens; this of dispersal 
can be intensive and can occur over distances covering several miles (142). The means by 
which Sclerotinia spp. are established or introduced, as well as the means by which they 
spread from field-to-field or fi'om one geographical area to another have been summarized by 
Adams and Ayers (5). Spread among adjacent fields is achieved mainly by wind-blown 
ascospores (5). Other means of spread from field to field include sclerotia or mycelium in 
host tissue contained in soil adhering to or carried on plants, farm equipment, animals, or 
man; spreading of manure on fields (where diseased plant tissue is used as livestock feed); 
sclerotia in irrigation runoff; and seed infected by or surface-contaminated with mycelia, or 
seed contaminated with sclerotia (5). 
Introduction of 5. sclerotiorum into uninfested fields is mainly through seed 
contaminated with sclerotia (124), or through long distance aerial dissemination of 
ascospores (2). Within a field, dissemination is mainly through ascopores released from 
apothecia (2,21,63). Boland and Hall (22) found that in soybean fields, numbers of 
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apothecia and disease incidence were correlated within quadrats, and that inoculum produced 
within the field was the primary determinant of disease incidence. Hartill (63) found that 
ascospores of 51 sclerotiorum were trapped in large numbers only ^en ^ )othecia were found 
in the vicini^ of the trap. McCartney and Lacey (101,102) found the concentration of 
ascospores in sunflower fields artificially infested with sclerotia of S. sclerotiorum to 
correspond to the number of {^thecia, and the number of plants per week with new 
symptoms to be proportional to the average ascospore concentration measured S weeks 
previously. They concluded that disease severity may be related to ascospore concentration 
during the infection period. To some extent in late stages of epidemic development, mycelial 
spread resulting firom contact between infected and healthy plants may occur (personal 
observation). 
Spore dispersal and plant disease gradients. There are three interelated phases in 
the process of spore dispersal: liberation or takeoff, transport or flight, and deposition or 
landing (9,96,154). McCartney (96) discussed the environmental and biological factors that 
influence spore dispersal. Biological factors determine spore origin, shape and size, mode of 
dispersal (wind or rain), spore release mechanisms and timing, and post-deposition 
phenomena, which are in turn influenced by factors such as vegetation type and host 
morphology (96). Wind, rain, temperature, humidi^, and light are physical factors which can 
influence spore release, mode of dispersal, and method of deposition (96). When spores are 
dispersed over short distances (a few centimeters finm the source), disease incidence 
increases slowly, but disease severity increases r^idly; when dispersal is over long distances 
(tens of meters from the source), disease incidence increases rapidly, but disease severity 
increases slowly (99). Spore dispersal may result in initial infestation of fields or pathogen 
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spread over large regions when dispersal distances are long (99). 
Spore dispersal patterns and mechanisms, and mathematical models describing spore 
dispersal and deposition have been studied and reviewed extensively (9-11,13, 14,36,43, 
49,50,58,63,76,86,94-98,100-102,119,130-132,140-142,145,150). Air turbulence 
causes individual spores to follow different paths and to travel different distances, and this 
reduces spore concentration downwind due to dilution by air and deposition onto foli^e and 
other surfaces (96). When the number of spores deposited per unit area decreases as distance 
increases from the spore source, a negative "concentration (or deposition) 
gradient"(measured from the source) results (60). If spores of a pathogen are deposited on a 
population of susceptible host plants and environmental conditions favor infection, a spore 
dispersal gradient may lead to a plant disease gradient (49). Fitt et al. (49), Gregory and 
Lacey (61), McCarmey and Fitt (99), and Wolfe et al. (151) have stated some of the uses of 
plant disease gradients: (i) identification of inoculum sources, (ii) determination of the 
relative importance of primary and secondary inoculum, (iii) choosing of mininnim isolation 
distances from potential inoculum sources at which to plant susceptible crops, (iv) 
assessment of cultivar mixtures and multilines for reducing development of epidemics, and 
(v) interpretation of small plot experiments with air-bome pathogens where interplot 
interference occurs. 
Dispersal models are useful in understanding plant disease epidemiology. They 
may be either empirical or physical. Empirical models attempt to fit mathematical formulas 
to dispersal gradients and are usefiil in comparing dispersal or disease gradients and in 
understanding epidemics of plant diseases caused by air-bome or splash-borne pathogens (49, 
99). Physical models use theories based on the laws of physics to mathematically describe 
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spore dispersal (99). Fitt et al. (49) and McCartn  ^and Fitt (99) present thorough 
discussions of the most commonly used empirical and physical models. 
Empirical modeb. The power law model (S9,103,104) and the simple exponential 
model (80), both of which are examples of the general exponential model (84), are the most 
commonly used empirical models (49,99). The power law model (59) is of the form 
y^ax'' (1.1) 
in which a and b are constants. The model assumes the number of spores deposited or the 
amount of disease, y, is inversely proportional to some power of the distance x from the 
spore source. The simple exponential model (80) is of the form 
y = c/-^  ^ (1.2) 
in which y and x are as already defined and c and d are constants. The model asstmies that y 
is inversely proportional to an exponential function of x. In equations 1.1 and 1.2, y 
decreases as x increases, and values of the exponents b and d are equivalent to the dispersal 
or disease gradients. The value ofy at x = 1 is equivalent to a, and the value of)* at x = 0 
(spore source) is equivalent to c (49). To facilitate easier comparison of gradients, equations 
1.1 and 1.2 can be linearized by taking natural logarithms of both sides (49). Equation 1.1 
then becomes 
hi (y) = In (a) - 6 In (x) (1.3) 
and equation 1.2 becomes 
hi (y) = In (c) - (1.4) 
Slopes of the linear equations are represented by b and d. Estimates of a and b can be 
obtained fiom linear regression of In (y) on In (x), and estimates of c and d can be obtained 
from linear regression of hi (y) on x. Over a distance range of 10 units or subunits, e.g. 0.1-
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1.0 or 1.0-10.0, the shapes of the curves from equations 1.1 and 1.2 are similar, but differ 
over greater distances (49). Predictions of _y obtained by equation 1.1 are generally larger 
than those obtained by equation 12 near a source and at long distances from the source (49). 
Therefore, equation 1.1 may be unsuitable for diseases with steep gradients (99). An 
advantage of equation l.I is that b is dimensionless, with its value independent of the units of 
X, but the value of a depends on the units of x and 3/ and on the value of b (49, 99). Despite 
its tendency to underestimate y near a source (84, 79,97,122), it is easier to incorporate 
equation 1.2 into disease development models because it predicts finite values ofy at all 
distances, since d is independent of the choice of origin (99). In equation 1.2, the dimension 
of d is length*\ the value of d depends on the units of x, and c has the same units as y (99). In 
equation 1.2, 
a = 0.693/i/ (1.5) 
where a, the half-distance, is the distance in which ^  decreases by half. 
Measurement of x is at right angles to a line soiirce or the edge of an area source (99). 
If the source is a point, the direction and turbulence of wind influences the deposition pattern 
(97), and the value ofboxd is dependent on the direction in which x is measured (99). In this 
case, integrating y from 0 to 27c around the source at a distance x removes ±e influence of 
wind direction (97): 
y(x) = fd{;c,0)de (1.6) 
in which d{x, ^  is >' per unit area at a distance x from the source and angle at 6, determined 
from the average wind direction. 
Some pathosystems in which deposition, dispersal, or disease gradients have been 
studied are the peanut {Arachis hypogea)-late leaf spot {Cercosporidium personatum) (6); 
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bean-bean rust {Urotnyces appendicidatus) (12); lodgepole pine (Pinus corttorta)-vfestem gall 
rust (Endocronartium harknessii) (18); soybean-stem canker (Diaporthe phaseolorum) (36); 
sugarcane {Saccharum officincirum)-saxX (Ustilago scitcminea) (67); spring barl^  (Hordeum 
vulgareypowdexy mildew (Erysiphe graminis) (77,94,98,145); barl  ^(H. vulgare)- or 
wheat {Triticum aestivum)-\esirust {P. recondita) (11,103); maize (Zsa mavy)-common rust 
(Puccinia sorghi) (104); oat (Avena sativaycrown rust {Puccinia coronatd) (104); bean-bean 
rust (U.phaseoli) (104); Silene alba-antbsr smut {U. violaced) (118); and oak (Quercus 
nigrayfasifotm rust (Cronartium quercuum) (122,145) pathosystems. 
Other studies on dispersal, deposition, and disease gradients include those carried out 
for Erysiphe graminis on barley (10, 14, 86,97), Puccinia recondita on wheat (11), 
Phytophthora infestans on potato (24,58), and Peronospora tabacina on tobacco (13). In 
these studies, spore concentration, the number of infected plants, or the number of lesions 
decreased as the distance from the source increased, and meteorological factors (especially 
wind) and the mode of release of spores played a key role in determining dispersal and 
deposition patterns. 
Physical models. Inclusion of the effects of wind, turbulence, deposition and spore 
size, shape, and weight is a requirement in any physical model describing spore dispersal 
(99). Atmospheric dispersal models which have been applied to spore dispersal are the 
statistical (or Gaussian Plume) model of gaseous dispersal (9, 58,117), the gradient transfer 
theory (10, 13,86,94), and random walk models based on Markov chain theory (85, 140, 
141,150). Even though each of these three models can, with appropriate modification, be 
applied to spore dispersal within and above crop canopies over a wide range of distances, the 
gradient transfer theory and the Gaussian Plume models are most applicable to dispersal 
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above the crop canopy (99). 
Gaussian Plume models do not adequately account for particle deposition, therefore 
they are not useful in predicting dispersal in vegetative canopies or close to sources, but may 
be valuable for long distance predictions (96). Gradient transfer theory models cannot 
account for deposition processes when particles are released in gusts of wind. Therefore, 
their veilidity is doubtfiil when applied to dispersal very close to sources and within crop 
canopies (96). 
In random walk models, simulation of individual particles as a pseudo-random walk 
is based on knowledge of turbulence statistics of air flow (85, 96,99), as well as Eulerian and 
Lagrangian properties (85,99). Random walk models can describe dispersal in highly 
turbulent flows (as frequently found in nature), are valid at all distances from the source, and 
can accomodate different modes of spore release (96,99). Determination of the probability 
that spores will impact or sediment on foliage during each time step makes it possible to 
incorporate deposition processes into random walk models (85, 99). These models have been 
applied to agricultural spray drift above crops (134, 135) and to spore dispersal within crops 
(85). 
Cootrol of Sderotinia diseases 
Steadman (125) discussed the methods used to control diseases caused by Sderotinia 
species. The ability of Sderotinia fungi to survive adverse environmental conditions and to 
have high levels of pathogenicity under favorable conditions has contributed to their success 
125) and therefore difBculty in controlling them. Success of several control methods has 
been variable. These methods include (125): (i) foliar fungicides, such as benomyl, PCNB, 
and DCNA; (ii) sclerotium germination inhibitors and soil disinfectants, such as methyl 
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bromide or formaldehyde, cyanamide, DCNA, and PCNB; (iii) seed treatment, which can be 
achieved with fimgicides such as captan, benomyl, thiabendazole, and thiram (153); (iv) 
cultural modifications such as crop rotation, sanitation (such as use of certified seed), 
moisture regulation (such as flooding and reduced irrigation), and microclimate modification 
(such as wide row spacing and planting of upright cultivars or cultivars with low canopy 
density). Other control methods include biological control by use of mycoparasites and 
planting of resistant or tolerant cultivars (125). 
Grau (54) summarized the tactics available for control of Sclerotinia stem rot of 
soybean. These are: (i) cultivar selection (resistant or tolerant versus susceptible cultivars, 
lodging versus nonlodging cultivars); (ii) water management (reduced irrigation, avoidance 
of soils with high water holding capacity); (iii) canopy modification (avoidance of row 
spacing less than 76 cm, avoidance of cultural practices which promote lodging, cessation of 
irrigation during flowering); (iv) crop sequence (planting of a non-host 1-2 years between 
soybeans and other host crops); (v) crop rotation to supplement other control measures but 
not as a sole control practice; (vi) field monitoring for early detection of disease in soybean 
and other host crops to help in planning and implementing various control strategies; (vii) 
weed control to remove broadleaf host weeds (many of which are hosts) and to reduce canopy 
density; (viii) plant nutrition (avoidance of fertilization practices that may promote lodging), 
and (ix) fungicides (benomyl, thiophanate methyl, or other fungicides registered for control 
of soybean diseases). 
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Pertinent iiteniture 
The stages of development of the soybean plant, ranging from VI to R8, have been 
described by Fehr et al. (47) and by Fehr and Caviness (46). Soybean growth stages 
mentioned thoroughout this dissertation are in reference to these descriptions. 
Inocalation teciwiqucs used in cultivar response studies. Several inoculation 
techniques have been used to study response of cultivars of various crops to S. sclerotiorum. 
Ascospore inoculation has been widely used (1,3-5, 68,73,74, 128,136). In this method, 
ascospores from field collected or laboratory cultured apothecia are sprayed as a water 
suspension onto plants in the flowering st^e or onto plant parts. 
Limited term inoculation (LTI) was developed by Hunter et al. (74) to screen bean 
plants for partial resistance to S. sclerotiorum. In this technique, autoclaved celery (Apium 
graveolens) petiole pieces colonized by S. sclerotiorum are attached to stems of 2-5-week-old 
plants for a limited period of time, depending on plant age and plant growth conditions (74). 
This method, or modifications of it, has been used by Boland and Hall (19) Cline and 
Jacobsen (34), and Pennypacker and Hatley (111) to evaluate soybean cultivars for resistance 
to 5. sclerotiorum. 
The excised stem technique was developed by Chun et al. (33) and has been used by 
Nelson et al. (106,107) to evaluate soybean cultivars for resistance to S. sclerotiorum. The 
method involves severing stems and inoculating them at the axils of the first trifoliate leaves 
with mycelial agar discs within 2 hours of cutting (33). 
Cline and Jacobsen (34) used colonized carrot (Daucus carota) root pieces to 
inoculate soybean plants. Mycelial agar plugs from 3- to 4-day old S. sclerotiorum colonies 
were transferred to autoclaved carrot pieces which were then incubated at 21 C and placed on 
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the center of the oldest trifoliate leaf of plants in the V4-V5 growth stage (34). 
The excised leaf technique involves detaching leaves of plants and inoculating them 
with mycelial agar discs fiom cultures of S. sclerotiorum. This technique has not been 
reported for inoculations of soybean leaves with S. sclerotiorum, but has been used by Pratt 
and Rowe (1996) to inoculate alfalfa leaves with S. trifoliorum. 
Cultivar respoiise studies. Several studies have been carried out to evaluate 
response of soybean cultivars to infection by S. sclerotiortm under field conditions (20,29, 
33,56,57), in the greenhouse (34,111), in the growth chamber (19), as well as in the 
laboratory (33). Grau et al. (57) found that out of 23 soybean cultivars evaluated for 
resistance in the field, Corsoy, Hodgson, and Hodgson 78 were less susceptible than other 
cultivars. Results from this work supported findings from an earlier study (55) that resistance 
to S. sclerotiorum existed in soybean cultivars and therefore it was possible to breed soybean 
for resistance to the pathogen. 
Boland and Hall (19,20) found differences in resistance to be present among 43 
soybean cultivars evaluated in the growth room (19) and among 42 cultivars evaluated in 
field conditions (20). Cline and Jacobsen (34) used three inoculation methods (ascospore, 
colonized-carrot, and limited term inoculations) to determine if there were differences in 
cultivar response to S. sclerotiorum. Statistical differences in severity ratings among 
cultivars were detectable only with the LTI method. The cultivar Corsoy was consistently 
resistant in all three inoculation methods. Pennypacker and Hately (111) used a modified LTI 
method to detect physiological resistance to S. sclerotiorum in soybean. There were no 
significant differences among cultivars, but physiological resistance was found in low 
frequency among all cultivars tested. 
28 
Using the excised stem technique, Chun et al. (33) found that response to S. 
sclerotiorum differed significantly among commercial soybean cultivars in maturity groups 0-
m, but results of different experiments were often inconsistent. Nelson et al. (106, 107) used 
the same technique to study the effects of temperature and pathogen isolate on laboratory 
screening of soybean cultivars for resistance to S. sclerotiorum (106) and to compare 
laboratory and field evaluations of soybean cultivar resistance to S. sclerotiorum (107). In 
both studies, they found significant differences among cultivars in resistance to the pathogen. 
Cultural practices. Cultural practices that may influence survival, inoculum levels, 
incidence, and severity of S. sclerotiorum include planting host crops at narrow or wide row 
widths (29, 54, 56, 120,137), varying planting densities (120), irrigation (17, 56, 125, 126, 
137,144), crop rotation (125, 126, 137,147), deep plowing or no-till (125, 147, 153), 
fertilizer application (147), and cultivar type (early-or late-maturing, bushy or upright, 
lodging or non-lodging, resistant or susceptible) (120,125, 126, 137). 
Grau and Radke (56) found that in field plots naturally infested with S. sclerotiorum, 
yields were lower for soybeans planted at 25-38 cm row widths compared with soybeans 
planted at 76 cm row width. Saindon et al. (120) found that upright common bean cultivars, 
when planted at narrow (23 cm) row widths, had lower incidence of Sclerotinia stem rot than 
a viny cultivar planted at the same row widths. Higher planting densities resulted in 
increased yields in the upright bean cultivars compared to low planting densities, but the 
effect of planting density on disease response was not consistent (120). Results firom a study 
by Buzzel et al. (29) suggested that soybean yield loss from Sclerotinia stem rot may be 
reduced by planting more resistant, earlier maturing, and lodging-tolerant cultivars. Schwartz 
et al. (133) found that incidence and severity of Sclerotinia stem rot was greater in edible 
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bean culdvars that produced more dense canopies than in cultivars that produced less dense 
canopies. Grau and Radke (56) found that severity of Sclerotinia stem rot was greater in 
irrigated soybean plots than in plots that were not irrigated either before or after flowering. 
Blad et al. (17) and Weiss et al. (144) demonstrated that frequent irrigation resulted in the 
most dense canopy in the dry edible bean cultivar Great Northern Tara, and less frequent 
irrigation resulted in the most open canopy in the cultivar Aurora. More dense canopies that 
were cooler and wetter had higher severity of Sclerotinia stem rot than more open canopies. 
The means by which di£ferent cultural practices influence incidence and severity of 
Sclerotinia stem rot were discussed earlier in the Introduction in the subsection entitled 
"Hypotheses on the recent increase of Sclerotinia stem rot of soybean" (pages 2-3). 
Ascospore dispersal and disease gradients. Few studies (130-132) have been 
carried out to determine ascospore dispersal patterns, gradients, and distances in crop fields 
infested with S. sclerotiorum. Suzui and Kobayashi (130), using a spore trapping method, 
found the longest dispersal distance of ascospores of S. sclerotiorum from a point source of 
apothecia to be 25 m. Kidney bean plants up to 20 m from the point source in the field were 
infected. Kidney bean plants near the point source were infected earlier, and the severity of 
infection was greater in these plants than in plants farther from the source. The investigators 
(130) concluded that kidney bean plants near the point source of apothecia were infected by 
ascospores in plant canopies, and that plants farther away from the source were infected by 
ascospores dispersed from the point source in turbulent wind. Suzui and Kobayashi (132), on 
the basis of results from spore trap studies, reported that kidney bean plants in a large field 
could be infected by ascospores dispersed several hundred meters from neighboring fields, or 
from a small number of apothecia from within the bean field. Hartill (63) found that in 
30 
tobacco crops, ascospores of S. sclerotiorum were tr^jped in large numbers only when 
apothecia were found near the trs .^ 
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CHAPTER 2. SOYBEAN CULTTVAR RESPONSES TO 
SCLEROTINIA SCLEROTIORUMIS FIELD AND CONTROLLED 
ENVIRONMENT STUDIES 
A paper to be submitted to Plant Disease 
S. N. Wegulo, X. B. Yang, and C. A. Martinson 
Abstract 
The responses of 12 soybean cultivars to Sclerotinia sclerotiorum O^ib.) de Bary were 
evaluated using five greenhouse, growth chamber, and laboratory methods and these 
responses were compared with responses to the pathogen under field conditions. Leaves 
were detached firom greenhouse-grown plants, inoculated with mycelial agar discs, and lesion 
sizes were measured daily. Stems of greenhouse-grown plants were inoculated with agar 
discs cut from 5. sclerotiorum cultures, transferred to a growth chamber, and lesion length on 
stems was measured every 24 h. Greenhouse-grown plants were inoculated on the foU^e 
with a mycelial/carrot/water suspension at the R1-R3 growth stage and disease incidence was 
measured 4 wk after inoculation. Stems of greenhouse-grown plants were severed near soil 
level, partially defoliated, placed in 40 mM oxalic acid, and rated for stem discoloration. 
Cultivars were evaluated by determining levels of soluble pigments from stems of seedlings 
at the VI-V2 growth stage. The 12 soybean cultivars were planted in fields naturally or 
artificially infested with S. sclerotiorum and evaluated for disease incidence. Significant 
differences in disease severity and disease incidence were detected among the 12 soybean 
cultivars with all inoculation methods, but ranking of cultivars varied among methods and 
experiments within methods. Corsoy 79 and SI9-90 were consistently least susceptible in all 
methods and in most experiments, whereas Kenwood, A2242, Bell, and Williams 82 were 
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most susceptible in most experiments. Correlation coefiBcients for field experiments (disease 
incidence between location years) ranged from 0.86 to 0.95. Ranges of correlation 
coefiBcients between field experiments and greenhouse, growth chamber, or laboratory 
experiments were 0.01 s R s 0.62 for detached leaf assays, -0.20 ^ R ^ 0.47 for lesion 
lengths on stems inoculated with mycelial discs, 0.38 £ R ^ 0.45 for incidence of stem rot 
from mycelial inoculation of foliage, 0.08 s R s 0.66 for lengths of discolored portions of 
stems placed in 40 mM oxalic acid, and -0.37 s R s 0.55 for levels of soluble pigments 
dissolved from stems. Disease development was slow when foliage was inoculated with a 
mycelial suspension. The results from this study suggest that the detached leaf assay, lengths 
of stems discolored by oxalic acid, and determination of levels of soluble pigments in stems 
have potential as methods of evaluating soybean cultivars for field resistance to S. 
sclerotiorum. 
Stem rot of soybean caused by Sclerotinia sclerotiorum (Lib.) de Bary heis recently 
increased in prevalence, incidence, and severity in the soybean growing areas of the 
Midwestern United States and Canada (3, 7, 15). Increased prevalence, incidence, and 
severity of the disease have been associated with expansion of soybean hectarage into 
infested fields formerly cropped to susceptible hosts (7,15-17) and with rotation of soybean 
with susceptible hosts (15). In addition, use of cultural practices such as irrigation and 
narrow row spacing (16) has been associated with increased incidence and severity of 
Sclerotinia stem rot. The disease is important because of the heavy yield losses it can cause 
(36). Identification of soybean cultivars with resistance or tolerance to Sclerotinia stem rot 
would aid in breeding for resistance to the disease, and identification of reliable and time-
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saving methods of screening for resistance would expedite studies aimed at breeding soybean 
for resistance to the pathogen. 
Several studies have been conducted to evaluate soybean cultivars for resistance to 51 
sclerotiorum under field conditions (4-6,16,17), in the greenhouse (7,31), in the growth 
chamber (3), and in the laboratory (6,28,29). The limited temi inoculation (LTI) methods of 
Hunter et al. (24) and Cline and Jacobsen (7) or modifications of these methods have been 
used by some investigators (3,31) to evaluate soybean cultivars for resistance to S. 
sclerotiorum. Other investigators (28,29) have used the excised stem technique of Chun et 
al.(6). 
Because of the prominent role oxalic acid plays in the pathogenesis of S. sclerotiorum 
(12,13) some investigators have utilized the acid in developing screening techniques for 
idenfication of cultivars resistant to the pathogen. Noyes and Hancock (30) developed a 
screening test based on resistance of sunflower leaf cells to lysing in various concentrations 
of oxalic acid. Tu (35) distinguished between tolerant and susceptible white bean (Phaseolus 
vulgaris) cultivars on the basis of differences in the rate of diffusion of oxalic acid in leaf 
tissue. These studies have shown that oxalic acid is potentially useful in screening cultivars 
for resistance to S. sclerotiorum. 
Results from most methods for screening soybean cultivars for resistance to S. 
sclerotiorum have been variable. Cline and Jacobsen (7) found limited-tenn inoculation to 
be the only method to successfully detect differences in susceptibility among soybean 
cultivars inoculated using two other methods (ascospore inoculations and colonized carrot 
inoculations). Chun et al. (6) found soybean cultivars of maturity groups 0,1, n, and m 
assessed by the excised stem technique to differ in their responses to Sclerotinia stem rot, but 
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results of different experiments were frequently inconsistent. In the same study (6), lesion 
lengths on stems of soybean cultivars assessed by the excised stem technique showed varying 
correlations with Sclerotinia stem rot incidence in field experiments. Nelson et al. (29) found 
no correlation between field evaluations of 15 soybean cultivars and laboratory evaluations 
(usii^ an excised stem technique) of the same cultivars. On the basis of these results, they 
(29) suggested that a laboratory test measuring stem decay may be unreliable for identifying 
field resistance to 51 sclerotiorum, and may therefore have little value in a breeding program. 
Use of ascopore inoculations is time-consuming because it requires preconditioning 
of sclerotia for carpogenic germination (8,10) and the collection and storage of ascospores. 
Therefore, there is a need to develop faster methods of screening soybean cultivars for 
resistance to S. sclerotiorum. 
Because of the increased soybean yield loss resulting fi-om Sclerotinia stem rot (11, 
36), there is a growing need to identify soybean germplasm with resistance to the disease. 
Closely tied to the need to identify resistant germplasm is the need to develop economical, 
reliable, and time-saving techniques that may be used in the laboratory, greenhouse, growth 
chamber, or field to identify soybean cultivars that are potentially useful in breeding for 
resistance to S. sclerotiorum. The purpose of this study was to develop greenhouse, growth 
chamber, or laboratory screening methods that may be used to predict resistance of soybean 
cultivars to S. sclerotiorum under field conditions. 
Materials and methods 
Field trials. Twelve soybean cultivars were planted in Iowa in the spring of 1995 and 
1996 at Hinds Research Farm near Ames, Iowa, Kanawha Research Farm at Kanawha, Iowa, 
and in a commercial field near Humboldt, Iowa to determine if there were cultivar differences 
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in Sclerotinia stem rot incidence. Cultivars were chosen to include Corsoy 79, which has 
been reported to be moderately resistant to 51 sclerotiorum (7,17), and some private and 
public cultivars commonly grown in Iowa. Williams 82 was included as a susceptible check. 
Cultivars were arranged in a randomized complete block design with three or four 
replications. At Ames in 1995 and 1996, and at Kanawha in 1995, cultivars were replicated 
three times. At Humboldt, cultivars were replicated four times in 1995 and 1996. In 1996, 
cxiltivars at Kanawha were arranged in a split-split plot design with two tillage types (no-till 
and plow) as the main plot treatments, two inoculation methods (natural inoculum and 
mycelial plus natural inoculum) as the subplot treatments, and cultivars as the sub-subpiot 
treatments. Plot size was 5 by 2.5 m, row spacing was 0.19 m, and planting rate was 20 or 30 
seeds per meter of row. Plots were rated for disease incidence once in early September. 
Inocalnm source for greenhouse, laboratory, and growth chamber experiments. 
A sclerotium of 5. sclerotiorum was obtained from soybean seed harvested from a naturally 
infested commercial field near Humboldt, Iowa in 1995 and named isolate A. The sclerotium 
was surface sterilized in a 1; 1 (v/v) solution of 95% ethanol and 5% sodium hypochlorite for 
30 s, air dried in a laminar flow hood for 5 min, then placed on potato dextrose agar (PDA) 
containing 0.15 mg of streptomycin and and 0.15 mg of tetracycline per milliliter of PDA 
(27) on a 9 cm-diameter petri plate. Each petri plate contained 25 ml of medium. The PDA 
plate containing the sclerotium was incubated at 20 C with 12-h light and 12-h dark. Mature 
daughter sclerotia were kept in sterile petri plates at 20 C, or were cultured on PDA to obtain 
mycelium needed for inoculations or to produce more sclerotia. 
Detached leaf assays. Detached leaf assays were done to determine if percentage of 
leaf area covered with lesions 7 d after inoculation differed among cultivars. Twelve soybean 
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cultivais were grown in 10 cm-diameter pots containing a sterilized clay-loam soil mixture 
consisting of peat, periite, and soil in a 1:2:1 ratio on greenhouse benches from December 
1996 to April 1997. After emergence, plants were thinned to five per pot, and were fertilized 
with 20:20:20 NPK (nitrogen:phosphorus:potassium) every 2-3 wk. Cultivars were arranged 
in a randomized complete block design with three replications. At the R1-R3 growth st£^e 
(early flowering to early podding), the third trifoliate leaf down the stem, counting the 
topmost fiilly developed trifoliate leaf as the first, was selected on one plant per pot. Then, 
the middle leaflet (first experiment, first repetition, and second repetition) or one of the 
lateral leaflets (third and fourth repetitions) was detached from the selected trifoliate leaf and 
transported to the laboratory in an enclosed petri plate. Each leaflet was surface sterilized in 
a 1:1 (v/v) solution of 95% ethanol and 5% sodium hypochlorite for 5 s, washed in distilled 
water, and blotted dry in a laminar flow hood. The pointed end of a 2 mm-diameter nail was 
flame-sterilized and used to create a wound on the left edge of the adaxial surface of the 
leaflet, in the plane where the leaflet was widest. The leaflet was placed on a 9 cm-diameter 
petri plate containing 20 ml of 2% water agar with the abaxial surface of the leaflet in contact 
with the agar medium. A 10-mm diameter agar disc cut from a 5-7 d old S. sclerotium 
culture grown on PDA was placed over the wound on the leaflet so that half of the mycelial 
disc was in contact with the water agar. The petri plate was sealed with Parafilm to maintain 
moisture. 
The water agar petri plates containmg the inoculated leaflets were incubated at 20 C 
with 12-h light and 12-h dark under a light bank with four 40 W white fluorescent lights. 
Each leaflet was considered an experimental unit Cultivars (treatments) were arranged in a 
randomized complete block design in the incubator with three replications. Lesions were 
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measured every 24 h for 7 d. The perimeter of the whole leaflet was traced once on a 
transparency, but lesion perimeter was traced once every 24 h. The transparency was later cut 
to shape and weighed (34). Percentile of leaf area covered with the lesion was determined 
by dividing the weight of the piece of transparency whose area was equal to the area of the 
lesion by the weight of the piece of transparency whose area was equal to the area of the 
whole leaflet. 
Mycelial inoculation of stems. Twelve soybean cultivars were grown in 10 cm-
diameter pots containing a sterilized clay-loam soil mixture on greenhouse benches from 
February to July, 1997 to determine if there were differences among cultivars in their 
response to inoculations with mycelia of S. sclerotiorum on stems. After emergence, plants 
were thinned to five per pot in four experiments. In two experiments, one plant was grown 
per pot to determine if stem diameter influenced lesion growth. Plants were fertilized with 
20:20:20 NPK (nitrogen:phosphorus:potassitun) (400 ppm) every 2-3 wk. Cultivars were 
arranged in a randomized complete block design with three replications. At the R1 to R3 
growth stage, stems were inoculated with mycelia of S. sclerotiorum. A sclerotiimi of isolate 
A of S. sclerotiorum was plated on PDA. After 5-7 d, 7 mm-diameter agar discs cut from S. 
sclerotiorum cultures were transferred to more PDA plates. Then, after 3-5 d, 7 mm-diameter 
agar discs cut from the cultures were placed on 7-10 mm-diameter by 3-5 mm deep 
autoclaved carrot discs. The carrot discs with mycelial plugs were incubated at 20 C with 12-
h light and l2-h dark for 24 h. Each soybean stem was punctured at midheight with the 
pointed end of a 2 mm-diameter nail to create a wound. A carrot disc with the 24-h old 
mycelial culture was placed over the wound with the side of the disc contaning the PDA plug 
pressed against the wound. Wet cotton wool was placed around the carrot disc, which was 
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then wrapped with Parafibn to hold it in place on the stem and to maintain moisture. The 
inoculated plants were placed in a mist chamber and were misted for 12 s every 6 min. After 
2-4 d in the mist chamber, plants with attached carrot discs were transferred to a controlled 
environment chamber (Conviron PG W36) at 18 C with 14-h light and 10-h dark. 
Measurements of lesion length were started on the first day lesion lengths were measurable. 
This was usually 3-5 d after inoculation. There were three sets of experiments. Each set 
consisted of one experiment repeated once, so that in total six experiments were done. In the 
first set of two experiments, the number of plants per pot was five, and measurements were 
taken every 24 h for Id. In the second set of two experiments, each pot consisted of one 
plant, and lesion length was measured every 24 h for 7 d. In the third set of two experiments, 
there were five plants per pot and measurements were made only on the fifth day after 
inoculation. 
Mycelial inoculation of foliage. Twelve soybean cultivars were grown in the 
greenhouse in 10 cm-diameter pots, five plants per pot in the spring of 1997 to determine if 
there were differences among cultivars in their response to inoculation of foliage with a 
suspension of mycelia firom cultures of S. sclerotiorum. Plants were fertilized as ahready 
described. Cultivars were arranged in a randomized complete block design on a greenhouse 
bench with three replications. An moculum suspension was made by blending I-wk old 
mycelium fi-om a culture of S. sclerotiorum grown on autoclaved carrot pieces. At the R1 to 
R3 growth stage, the blended mycelium-carrot mixture was suspended in 4 L of tap water and 
the suspension was broadcast onto plant foliage to runoff. Plants were placed in a chamber 
with a solenoid-controlled misting system that misted water for 3 s every 6 min. After 4 wk, 
the number of plants with stem rot in each pot was determined. 
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Response to oxalic acid. Oxalic acid at 40 mM was made by bringing 5.04 g of 
H2C2O4.2H2O to one liter of solution. The 40 mM concentration of oxalic acid was used 
because it was the concentration at which, as determined &om preliminary experiments, the 
rate of discoloration of soybean stems was reasonably measurable within a period of 1 wk. 
The 12 soybean cultivars were grown in 13 cm-diameter pots at the rate of 15-20 plants per 
pot, and were arranged in a randomized complete block design on a greenhouse bench. 
Plants were fertilized every 2-3 wk as already described. The high density of planting was 
used to obtain thin stems to facilitate slow to moderate uptake of oxalic acid. At the R.1 to 
R3 growth stage (early flowering to early podding), plants were severed approximately 0.5 
cm above the soil line using a pair of scissors. All leaves and petioles were removed from 
the excised portion of the stem except the top two fiiUy developed trifoliate leaves. Removal 
of leaves was necessary, as determined from preliminary experiments, to reduce the rate of 
oxalic acid uptake, and facilitated placing of the plants in test tubes. The plants were then 
immediately placed in test tubes containing 10 ml of oxalic acid, one plant per test tube. Test 
tubes containing cultivar stems were arranged in test tube racks in a randomized complete 
block design with three replications. The length of the stem portion discolored by oxalic acid 
was measured after 4 d. There were two sets of four replicate experiments. The first set of 
experiments was placed in a greenhouse room where temperature ranged from 22 to 35 C, 
and in the second set, test tubes with stems were placed in a controlled environment chamber 
(Conviron PG W36) at 18 C with 14-h light and 10-h dark. 
Determination of soluble pigment levels in stems. Preliminary experiments showed 
that oxalic acid in test tubes containing stems of some cultivars became pink in color, and the 
intensity of this color appeared to be greater in test tubes containing some cultivars that were 
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known, from previous experiments and reports in the literature (7,17), to possess some 
resistance to S. sclerotionm. An experiment was performed to determine if levels of the 
pigment(s) dissolved in the acid differed among cultivars. Twelve cultivars were grown in 
pots in the greenhouse as described in the oxalic acid section. At the V1-V2 growth stage, 
stems were severed {proximately 0.5 cm above soil level, completely defoliated, and 
immediately placed in test tubes containing 5 ml of 40 mM oxalic acid. Test mbes 
containing cultivar stems were arranged in test tube racks in a randomized complete block 
design with three replications and were incubated at 20 C with 12-h light and I2-h dark. 
After 48 h, 4 ml of the oxalic acid in each test tube was transferred to cuvettes. A scan by a 
UV-visible recording spectrophotometer (Shimatzu UV-160) showed that maximum 
absorbance occurred at 518 nm. Absorbance by the apparent pigment/s in oxalic acid in each 
cuvette was recorded by the spectrophotometer. Four replicate experiments were performed 
concurrently. 
Data analysis. Data were analyzed by the general linear models procedure. The least 
significant difference test (33) was used to make planned pairwise means comparisons for 
disease incidence, lesion length on stems, percentage of leaf area covered with lesions, and 
absorbance at 518 nm of dissolved pigments from stems. Correlation coefBcients were used 
to compare cultivar responses to S. sclerotiorum in greenhouse, growth chamber, and 
laboratory studies with responses of the same cultivars to the pathogen in field studies. 
Spearman's coefBcients of rank correlation (33) were used to measure the correspondence 
between ranks of cultivars in greenhouse, growth chamber, and laboratory experiments and 
ranks of the same cultivars in field experiments. Cultivars were ranked according to (i) their 
average performance (disease incidence, incidence of dead plants, lesion length on stems, or 
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percentage of leaf area covered with lesions) in each set of replicate experiments, (ii) 
absorbance at 518 nm by dissolved pigments from stems, or (iii) the number of times they 
ranked 6 or better out of 12 in all fungal inoculation experiments, oxalic acid experiments, or 
total number of experiments. 
Results 
Field trials. Highly significant differences (p = 0.0001) in Sclerotinia stem rot 
incidence were found among soybean cultivars in the three field experiments conducted at 
Humboldt in 1995 and 1996, and at Kanawha Research Farm in 1996 (Tables 2.1 and 2.2). 
Hot and dry weather in 1995 prevented development of statistically measurable levels 
of disease at Hinds and Kanawha Research Farms. At Hinds Research Farm, infected plants 
were detected mainly in Williams 82 plots. Frequent irrigation at this location did not result 
in increased disease levels due to the high temperatures that prevailed during most of the 
1995 growing season. In the three location years in which disease incidence data were 
collected, plots in which the cultivars Dassel, Corsoy 79 (1996), S19-90, and Parker were 
grown had consistently low levels of disease, whereas Williams 82 and A2242 plots had 
consistently high levels of disease (Table 2.3). 
At Humboldt in 1995, diseased, wilted or wilting plants were visible in most of the 
field by late July. By early August, there were detectable differences in disease incidence 
among cultivars, with Asgrow 2242 and Williams 82 plots having the highest disease 
incidence and A2506, Dassel, S19-90, and Parker plots having the lowest disease incidence. 
Disease incidence taken on 3 September ranged from 5% in A2506 plots to 47% in A2242 
plots (Table 2.3). 
In 1996, cool, wet weather favored development of epidemic levels of disease in most 
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of Iowa. At Humboldt, incidence of dead plants on 4 September was lowest in Dassel and 
Corsoy 79 plots (8% and 9.3%, respectively) and highest in Williams 82 and A2242 plots 
(79% and 70%, respectively) (Table 2.3). At the Kanawha Research Farm incidence of killed 
plants ranged from 2% in Dassel plots to 64% in A2242 plots (Table 2.3). 
Detached leaf assays. Lesions on detached leaves were usually visible by the second 
day after inoculation with mycelial agar discs, but were measurable 3-4 d after inoculation. F 
values for cultivars (final percentage of leaf area covered with lesions) were significant (p < 
0.05) in three out of five experiments (Table 2.4). Although cultivar ranks varied from 
experiment to experiment, percentage of leaf area covered with lesions was low in most 
experiments for the cultivars Corsoy 79 and S19-90, and high for the cultivars Kenwood and 
Williams 82 (Table 2.4). Greater variation in cultivar ranks was observed when small leaves 
were used than when large leaves were used. The rate of lesion development was linear for 
most cultivars in most experiments, but differed among cultivars (Figure 2.1). 
Growth chamber experiments: mycelial inoculation of stems. Soybean plants 
started to show wilt symptoms within 2-3 d after inoculation of stems with mycelia of S. 
sclerotiorum, but there was considerable variation among cultivars and even replications 
within cultivars in the time that elapsed between inoculation and the onset of wilt symptoms. 
Leaves below the point of inoculation did not usually wilt, but all leaves above the point of 
inoculation wilted within 2-4 d after the onset of wilt symptoms. 
The rate of lesion development on stems was linear for each cultivar, but differed 
among cultivars (Fig. 2.2). There were significant differences (p ^ 0.05) in final lesion 
length among cultivars in all six replicate experiments (Table 2.5). However, cultivar ranks 
fluctuated among experiments. In most experiments, lesion length was least in the cultivar 
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Corsoy 79 and S19-90 and greatest in Kenwood and Williams 82 (Table 2.5). Correlation 
between stem diameter and lesion length (expt. 2) varied among cultivars (-0.54 s R s 0.90). 
Mycelial inoculation of foliage. Lesions were visible on foliage 3-5 d after 
inoculation with a mycelial/carrot/water suspension. Some stems developed lesions 
approximately 1 wk after inoculation, but disease incidence based on stem rot was not 
measurable until approximately 3 wk after inoculation. There were significant differences 
among cultivars in disease incidence when data were collected 4 wk after inoculation (p = 
0.01). Kenwood had the highest incidence of stem rot (93%), followed by Williams 82 
(80%) whereas Corsoy 79 and SI 9-90 had the lowest incidence of stem rot (20 and 27%, 
respectively) (Table 2.5). 
Response to oxalic acid. Within 10-15 min of placing severed stems into test tubes 
containing oxalic acid, a bright pink color appeared where the stem was severed and was 
most noticeable in IA2007, Dassel, Corsoy 79, SI9-90, Bell, and A2506. The color was 
visible in stems of all cultivars except A2242, Parker, and Williams 82, and usually 
disappeared by the following day when the lower portion of the stem became discolored. 
Significant differences (p ^ 0.05) among cultivars in the length of discolored stem portions 
were found in all four experiments conducted in the greenhouse room (22-35 C) and in three 
out of four experiments conducted in the growth chamber at 18 C. Ranks of individual 
cultivars varied among experiments. Kenwood and Williams 82 ranked 11^ or 12'^ ' in most 
of the eight experiments, whereas IA2007 ranked 1 in five of the eight experiments (Table 
2.6). Overall, IA2007, Dassel, SI990, and Latham 440 were the four cultivars with the 
shortest discolored stem portions and Kenwood and Williams 82 had the longest discolored 
stem portions. 
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Detenniiuitioii of soluble pigment levels in stems. Absorbance values of dissolved 
pigments at 518 nm were greatest for IA2007 followed by Dassel and least for Parker, 
A2242, and >\^ams 82 in all four replicate experiments (Table 2.7). Ranks for other 
cultivars were variable among experiments. On the basis of combined analysis of variance, 
IA2007, Dassel, Corsoy 79, and S19-90 were the 4 cultivars with the highest absorbance 
values. Parker, A2242, Williams 82, and BSR 101 were the four cultivars with the lowest 
absorbance values (Table 2.7). Differences in absorbance values were significant (p ^ O.OS) 
among cultivars in all four experiments (Table 2.7). Differences among experiments and 
experiment by cultivar interaction were not significant (p = 0.2806 and 0.9765, respectively) 
aable 2.7), 
Comparison of laboratory, greenhouse, and growth chamber evaluations with 
field evaluations. Correlation coefBcients (R) between soybean cultivar responses to S. 
sclerotiorum in field experiments and responses to the pathogen in greenhouse, growth 
chamber, and laboratory experiments varied among sets of replicate experiments and within 
each set of experiments (Table 2.8). R values varied from 0.01 to 0.62 for detached leaf 
assay experiments, -0.20 to 0.47 for inoculations of stems with mycelia, 0.38 to 0.45 for 
mycelial inoculation of foliage, 0.08 to 0.66 for stems placed in 40 mM oxalic acid, and -0.37 
to -0.55 for levels of pink pigments dissolved from stems (Table 2.8). Absolute R values 
were 0.40 or greater 40%, 17%, 33%, 29%, and 83% of the time for detached leaf assay, stem 
inoculation, foliage inoculation, response to oxalic acid, and dissolved stem pigment 
experiments, respectively. Spearman's coefBcients of rank correlation were 0.36, -0.20,0.72, 
0.42, and 0.55 for detached leaf assays, stem inoculations, foliage inoculation, responses to 
oxalic acid, and levels of dissolved stem pigments, respectively. 
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There were variations in ranking among laboratory, greenhouse, growth chamber, and 
field experiments, but some cultivars were consistently resistant or consistently susceptible. 
In nine categories of ranking, Corsoy 79 and S19-90 were among the four least susceptible 
cultivars 89% of the time, whereas Williams 82 was among the three most susceptible 
cultivars 89% of the time. A2242 was among the four least susceptible cultivars 55% of the 
time and among the five most susceptible cultivars 78% of the time. A2506, Bell, BSR 101, 
Dassel, IA2007, Kenwood, Latham 440, and Parker fluctuated considerably in their ranks 
(Table 2.9). 
Discussion 
Results of this study indicate that the detached leaf assay and determination of 
pigment levels in stems may be more reliable methods of evaluating soybean cultivars for 
resistance to S. sclerotiorum than measurement of lesions on stems. The results also suggest 
that the soluble pink pigments observed in stems of soybean cultivars may be related to 
resistance to S. sclerotiorum. Levels of these pigments in cultivars were generally inversely 
related to disease incidence in the field, and two of the three cultivars in which the pigments 
were present in very low amounts (Williams 82 and A2242) had higher disease levels than 
other cultivars in most experiments. 
A group of pigments widely distributed in plants and responsible for the pink, red, 
scarlet, mauve, violet, and blue colors found in plants, the anthocyanins (19,20,22), have 
been reported to be involved in disease resistance (1,2, 18,21,24-26). Although the soluble 
pigments observed in soybean stems in this study were not isolated and characterized, the 
presence of anthocyanins among them is highly likely, on the basis of the simliarity in color 
between the observed pigments and some anthocyanin pigments that have been isolated and 
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characterized (19,20,22). The possible involvement of the soluble pigments observed in this 
study in soybean cultivar resistance to S. sclerotiorum requires further investigation. 
Results from earlier studies support the findings in this study that there are differences 
in responses of soybean cultivars to S. sclerotiorum. Grau and Bissonette (14) found 
significant differences among cultivars in their response to S. sclerotiorum and concluded 
that resistance to the pathogen existed in soybean cultivars. Results from other studies (3,4, 
6, 7,16,17,28,29) have demonstrated the existence of differences among soybean cultivars 
in their levels of resistance to S. sclerotiorum, which support the findings of this study. The 
consistency of lower levels of disease in Corsoy 79 observed in this study is supported by the 
results of Cline and Jacobsen (7) who found Corsoy 79 to be consistently resistant when 
soybean cultivars were inoculated using three methods (ascospores, colonized carrot root 
pieces, and limited term inoculation). Grau et al. (17) also found Corsoy 79 to be more 
resistant to S. sclerotiorum than other soybean cultivars tested. 
Studies in which comparisons have been made between laboratory and field 
evaluations have reported varying correlations (6) or no correlation (29). Chun et al. (6) used 
an excised stem technique in laboratory evaluations of 13 commercial soybean cultivars for 
resistance to S. sclerotiorum and compared lesion lengths and disease incidence in the field. 
They found correlation coefiQcients to vary from -0.17 to 0.86. Their results are similar to 
those reported in this study, in which correlation coefScients between lesion lengths on stems 
of inoculated plants and field incidence of Sclerotinia stem rot varied firom -0.02 to 0.47. 
Using the same technique as that of Chun et al. (6), Nelson et al. (29) found no correlation 
between lesion lengths in laboratory evaluations and disease severity indices in field 
evaluations of IS commercial soybean cultivars for resistance to S. sclerotiorum. 
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On the basis of results from this study, inoculation of steins and subsequent 
measurement of lesion lengths may not be a reliable method for identifying field resistance to 
S. sclerotiorum among soybean cultivars. Nelson et al. (29) similarly concluded that 
measurement of lesion lengths on stems inoculated by the excised stem technique in the 
laboratory may not useful in a breeding program. 
Use of the detached leaf assay seems to be a potentially useful method of laboratory 
evaluation of soybean cultivars for resistance to S. sclerotiorum. However, care should be 
taken to use leaves of uniform size. When larger leaves were used in this study, they allowed 
a longer time for lesion development and, therefore, greater detection of differences among 
cultivars. If this method is used, plants should be cultured in such a way as to develop larger 
leaves, for example growing one plant per pot, using larger pots where space allows, or 
spacing pots sufficiently to avoid crowding. The location on the leaf where to place the 
mycelial disc during inoculation to achieve uniform lesion development was critical, as was 
the maintenance of sufficient moisture in petri plates. Variations among replicate 
experiments were partly attributable to the use of different sizes of leaves among experiments 
and cultivars within the same experiment. Computer-aided measurement of diseased leaf 
area may be more accurate and precise than the method used in this study. An additional 
consideration when using the detached leaf assay is the use of water agar to ensure 
continuous availability of moisture and to limit the food base of the fungus to the leaf 
Because the rate of lesion development on detached leaves was linear, it was sufficient to use 
only final percentage of leaf area covered with lesions rather than the rate of lesion 
development for comparison among cultivars. Use of data from one assessment date can be 
economical and time-saving when the number of cultivars under evaluation is large. 
64 
Measurement of soybean stem discoloration by oxalic acid seems to have potential as 
a method of evaluating soybean cultivars for resistance to S. sclerotiorum. In similar studies, 
Tu (35), distinguished between SI sclerotiorum-Xol&aiat and susceptible bean {P. vulgaris) by 
the rate of diffusion of C-14 oxalic acid in leaves, and Noyes and Hancock (30), developed a 
sunflower (Helianthus annum) screening test based on resistance of simflower leaf cells to 
lysis by oxalic acid. Based on observations in this study, this method may work better with 
seedlings at the V1-V2 growth st£^e, in which experimental error resvilting from the effect of 
woody tissue on diSiision of oxalic acid in stems may be reduced. 
This study has revealed for the first time that levels of soluble pigments in seedlings 
of soybean plants may be related to cultivar resistance to S. sclerotiorum. More work is 
required to determine the consistency of this observation among a greater nimiber of 
cultivars, and to determine the nature of this relationship. It may be possible to select for 
resistance in the field based on intensity of color when suitable plant parts are placed in acid 
solution. The detached leaf assay and diffusion of oxalic acid in stems may be useful in 
evaluating soybean cultivars for resistance to S. sclerotiorum. 
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Table 2.1. Analysis of variance for percentage incidence of Sclerotinia stem rot among 
twelve soybean cultivars in a commercial field at Humboldt, Iowa. 199S and 1996 
1995 1996 
Source of 
Variation df MS F P > F  MS F P > F  
Replications 3 158.65 71.72 
Cultivars 11 766.89 11J3 0.0001 2066.49 15.43 0.0001 
Error 33 67.68 133.89 
Total 47 
Table 2.2. Analysis of variance for incidence of Sclerotinia stem rot among twelve soybean 
cultivars grown under no-till and plow tillage Qrpes and treated with natural inoculimi only or 
with artificial inoculum in addition to natural inoculum at Kanawha Research Farm in Iowa. 
1996 
Source of 
Variation df 
Sums of 
Squares 
Mean 
Squares F P > F  
Replications (R) I 3.01 3.01 
Tillage (T) 1 IJ26 126 0.11 0.7952 
Error (a) 1 1134 1134 
Inoculation (I) 1 2.34 234 0.03 0.8709 
T»i 1 0.01 0.01 0.00 0.9913 
Error (b) 2 13835 69.18 
Cultivars (C) 11 33724.11 3065.83 33.17 0.0001 
T*C 11 1208.61 109.87 1.19 03225 
[•C 11 139.53 12.68 0.14 0.9994 
T»I»C 11 230.86 21.00 023 0.9944 
Error (c) 44 4066.79 92.43 
Total 95 39526.21 
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Table 2.3. Means of incidence of Sclerotinia stem rot among twelve soybean cultivars in a 
commercial field at Humboldt, Iowa in 1995 and 1996 and at Kanawha Research Farm, Iowa, 
in 1996 
Humboldt, 1995 Humboldt, 1996 Kanawha, 1996 
Cultivar'' Incidence (%) Cultivar Incidence of 
killed plants (%) 
Cultivar Incidence of 
killed plants (%) 
A2242 47 J a Williams 82 78.8 a A2242 64.0 a 
Williams 82 37Jab A2242 70.0 a WilUams 82 513 b 
Bell 30.4 b Bell 42.8 b L\2007R 21.8 c 
BSR lOI 18.5 c IA2007R 40.0 be Kenwood 20.6 c 
Corsoy 79 14.8 cd Kenwood 33.8 b-d Bell 19.9 c 
Latham 440 12-9 cd Latham 440 31J b-d BSR 101 18.4 c 
IA2007 10.8 cd BSR 101 27.5 b-d Latham 440 15.9 cd 
Kenwood 9.3 cd Parker 23.8 c-e Parker 7.4 de 
Parker 7.0 cd S19-90 173 de A2506 6.1 e 
S19-90 7.0 cd A2506 10.0 e S19-90 2.8 e 
Dassel 53 d Dassel 93 e Corsoy 79 2.8 e 
A2506 5.1 d Corsoy 79 8.0 e Oassel 1.6 e 
SE^ 4.1 5.6 3.4 
Incidence was measured on 3 and 4 September at Humboldt in 1995 and 1996, respectively 
and on 12 September at Kanawha in 1996. 
Cultivar means followed by the same letter are not significandy different at the 5% 
probability level according to the least significant difference test. 
Standard error of the mean, calculated for a randomized complete block design for 
Humboldt, 1995 and 1996, and for a split-split-plot design (averaged over all main plot 
and subplot treatments) for Kanawha, 1996. 
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Table 2.4. Analysis of variance and means of percentage of leaf area diseased among twelve 
soybean cultivars inoculated with mycelial discs and incubated for seven days at 20 C. 1997 
Experiment number I 2 3 4 5 
Source of 
Variation df MS MS MS MS MS 
Replications 2 1251.27 108.79 577.14 107.67 47J6 
Cultivars 11 2215.40 793.87 824.90 878.43 17028 
Error 22 1009.12 198.89 323J5 64.04 136.78 
F (cultivars) 220 3.99 2.55 13.72 124 
P > F (cultivars) 0.0561 0.0028 0.0296 0.0001 0.3170 
Cultivars^ Means 
Williams 82 83.5 93.7 ab 93.6 ab 46.9 c 67.9 
Kenwood 35.7 100.0 a 100.0 a 60.2 be 68.6 
Bell 56.6 90.0 a-c 71.8 a-d 52 J be 53.5 
A2242 39J2 62.6 ef 97.9 a 90.7 a 56.6 
BSR 101 32.7 75.0 bH5 77.7 a-d 56.9 be 552 
Parker 12.5 68.7 c-f 48.8 d 56.6 be 62.0 
A2506 43.9 69.1 c-f 66.4 b-d 55.9 be 53.5 
1A2007 98.2 82.3 a-e 63.8 b-d 64.8 b 52.7 
Latham 440 42.0 96.8 ab 83.6 ab 93.7a 44.4 
Dassel 57.1 65.7 d-f 83.0 a-c 57.8 be 54.5 
SI 990 8.9 87.4 a-d 75.6 a-d 48.2 c 59.9 
Corsoy 79 15.0 462 f 52.6 cd 91.0 a 452 
SE^ 18J 8.1 10.4 4.6 6.8 
• Cultivar means followed by the same letter are not significantly different at p = 0.05 
according to the least significant difference test. 
^ Standard error of the mean. 
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Table 2.5. Analysis of variance and means of lesion length (experiments 1-6) on stems of 
twelve soybean cultivars inoculated with mycelia of S. sclerotiorum on autoclaved carrot 
discs, and analysis of variance and means of percentage incidence (experiment 7) of stem rot 
among the same cultivars inoculated on the foU^e with an S. sclerotiorvm 
mycelium/carrot/water suspension in the greenhouse. 1997 
Experanent number^ 1 2 3 4 5 6 7 
Source of 
Variation df MS MS MS MS MS MS MS 
Replicatioiis 2 9.79 23.65 2.93 9.74 10J8 0.76 133J4 
Cultivars 11(10)* 40.90 \2S9 8.70 1054 2.65 5.08 152727 
Enor 22(21) 821 4.07 3.89 5.83 1.03 1.61 496.97 
F (cultivars) 4.98 3.10 2.24 1.88 2J8 3.16 3.07 
P > F (cultivars) 0.0007 0.0116 0.0544 0.1031 0.0280 0.0103 0.0120 
Cultivars^ Means 
Williams 82 113 a-c 7.4 d 9.6 a-d 7.7 9.2 ab 10.4 a-c 80.0 a-c 
Kenwood lS.8a 10.1 b-d 8.1 b-e 6S 8.5 a-d 9.5 a-c 46.7 c-e 
Bell 7 Jed 10.7 b-d 10.9 ab 95 7.4 cd 9.0 a-c 93 J a 
A2242 11.0 a-c 12.1 ab 7.6 b-e 4.6 10.0 a 10.9 ab 66.7 a-c 
BSR 101 9.4 be 11.7 a-c 9.6 a-d 8.1 8.1 b-d 10.0 a-c 60.0 a-d 
Parker 14Ja 10.1 b-d 9Ja-e 8.8 8.4 a-d 11.2a 73 J a-c 
A2506 13.9 ab 8 Jed 11.7 a 7.6 10.0 a 8.5 cd 86.7 ab 
IA2007 7.4 ed 7.8 d lOJa-c 7.6 8.9 b-e 9.7 a-c 53 J b-e 
Latham 440 9.4 be 10.6 b-d 7Jc-e 4.8 7.8 b-d 8.9 be 66.7 a-c 
Dassel 12.9 ab 15.1 a 8.8 a-e 7.4 8.7 a-c Il.Oab 46.7 c-e 
SI 990 6.6 cd 10.6 b-d 6.1 e 8.5 6.9 d 6.7 d 26.7 de 
Corsoy 79 3 J d  8 Jed 6.8 de 3.0 8.6 a-e 8.4 cd 20.0 e 
SE^ 1.7 1.2 1.1 1.4 0.6 0.7 1.9 
^ In experiments 1,2,5, and 6, there were five plants/pot; average lesion length was used in 
analysis of variance. In experimets 3 and 4, there was one plant/pot; lesion length on each 
plant was used in analysis of variance. 
" One missing value in each of experiments 3 and 4 caused by failure of initial infection of 
stems by mycelia reduced degrees of fi«edom for cultivars and error by 1. 
^ Cultivar means followed by the same letter are not significantly different at p = O.OS 
according to the least significant difference test. 
^ Standard error of the mean. 
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Table 2.6. Analysis of variance and means for length of discloied portions of stems of twelve 
soybean cultivars severed 0.5 cm above soil level, defoliated (except the top two fully 
developed trifoliate leaves), and placed in test tubes containing 10 mi of 40 mM oxalic acid. 
1997 
Experiment mirnber'^ 1 2 3 4 5 6 7 8 
Source of 
Variation df MS MS MS MS MS MS MS MS 
Replicadons 2 4.71 7.06 2.23 16.93 51J6 153.66 20.72 51.92 
Cultivars 11 36.62 37.98 26.91 47.43 70J0 58.41 26.75 2837 
Error 22 8.19 4.21 9.10 7.75 23.72 41.52 8.66 9.83 
F (cultivars) 4.47 9.02 2.96 6.12 2.96 1.41 3.09 2.89 
P > F (cultivars) 0.0014 0.0001 0.0146 0.0002 0.0145 02381 0.0117 0.0165 
Cultivars^ Means 
Williams 82 20 J be 26.7 a 23.1 ab 22.8 b 30 J a 332 21.6 b-d 23.0 ab 
Kenwood 272 i 25.5 a 25.7 a 28.7 a 23.4 a-c 25.1 27.6 a 27.4 a 
Bell 20.8 be 24.1 ab 21.2 a-e 21.7 b-d 25.2 ab 232 24.0 ab 233 ab 
A2242 21J be 21.4 b-d 20.6 a-e 19.0 b-e 29.8 a 18.8 21.0 b-d 20.1 b-d 
BSR 101 20.7 be 23.9 ab 2Ua-c 22.7 be 22.2 a-c 21.1 18.7 cd 212 b-d 
Parker 17.1 cd 22.0 be 23.1 ab 202 b-e 213 be 23.6 203 b-d 22.7 a-c 
A2506 24.7 ab 18.4 d-f 20.6 a-e 21J2b-d 272 ab 193 222 be 22.7 a-c 
IA2007 19Jcd 19.4 c^ 17.8 cd 13.7 f 153 c 17.0 16.7 d 163 d 
Latham 440 15.0 d 16-4 ef 19.5 be 15.8 ef 25.6 ab 18.7 18.5 cd 19.0 b-d 
Dassel 16.8 cd 18.8 c-f 17.4 cd 18.0 e-f 19.1 be 17 J 17.5 cd 17.5 cd 
S1990 17.0 cd 15.6 f 13.9 d 17J d-f 213 be 21.8 19.9 b-d 18.7 b-d 
Corsoy 79 18.1 cd 19.5 e-e 18.1 b-d 17.0 d-f 15.9 c 21J 19.9 b-d 23.0 ab 
SE^ 1.7 12 1.7 1.6 2.8 3.7 1.7 1.8 
^ Experiments 1-4 were conducted in a greenhouse room where temperature ranged from 22 
C to 35 C; experiments 5-8 were conducted in a controlled environment chamber at 18 C. 
• Cultivar means followed by the same letter are not significantly different at p = 0.05 
according to the least significant difference test. 
^ Standard error of the mean. 
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Table 2.7. Absorbance values (518 nm) of soluble pigments dissolved in 5 ml of 40 mM 
oxalic acid from defoliated stems at the VI-V2 growth stage (1 stem/test tube) of twelve 
soybean cultivars grown in the greenhouse 
Experiment number 1 2 3 4 Combined 
Source of 
Variation df MS MS MS MS MS 
Experiments (E) 3 1.0 X 10"* 
Replications (R) 2 3.4 X 10"^ 6.5 X IQ-^ 1.7 X 10"* 2.2 X 10"^ 
R(E) 8 2.0 X 10"* 
Cultivars (C) 11 4.0 X lO"* 6.0 X lO"* 4.4 X 10"^ 2.9 X 10"^ 1.6 X 10*^ 
E*C 33 42 X 10'^ 
Error 22 7.0 X 10'^ 9.2 X 10'^ 4.9 X 10"® 1.1 X 10"* 
Pooled Error 8.0 X 10*^ 
F (Experiments) 130 
F (cultivars) 5.68 6.56 8.94 2.70 20.14 
F (E*C) 0.54 
P > F (Experiments) 0J2806 
P > F (cultivars) 0.0003 0.0001 0.0001 0.0226 0.0001 
P > F (E»C) 0.9765 
Cultivars^ Means 
IA2007 0.04 0 a 0.047 a 0.038 a 0.032 a 0.039 a 
Dassel 0.029 ab 0.036 ab 0.031 a 0.022 ab 0.029 b 
A2506 0.019 be 0.014c-f 0.017 be 0.019 a-c 0.017 cd 
Corsoy 79 0.018 be 0.025 c-d 0.028 ab 0.015 a-d 0.021 c 
Latham 440 0.015 b-d 0.008 ef 0.013 cd 0.014 b-d 0.013 de 
SI 990 0.015 b-d 0.026 be 0.027 ab 0.016 a-d 0.021 c 
Kenwood 0.014 cd 0.011 c-f 0.012cd 0.015 a-d 0.013 de 
Bell 0.014 cd 0.022 c-f 0.016 be 0.021 ab 0.018 cd 
BSR 101 0.008 cd 0.009 d-f 0.009 cd 0.005 b-d 0.008 ef 
Williams 82 0.002 d 0.005 f 0.003 d 0.001 cd 0.003 f 
A2242 0.001 d 0.003 f 0.002 d 0.000 d 0.002 f 
Parker 0.002 d 0.001 f 0.001 d 0.000 d 0.001 f 
SE"^ 0.005 0.006 0.004 0.006 0.003 
^ Cultivar means followed by the same letter are not significantly different at p = 0.05 according 
to the least significant difference test. 
^ Standard error of the mean. 
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Table 2.8. Speaiman correlatioii coefficients for comparing field incidence of Sclerotinia 
stem rot and various greenhouse, growth chamber, and laboratory ratings among 12 soybean 
cultivars 
Experiment H95'^ H96® K96' Experiment H95 H96 K96 
H95 1.00* 0.86* 0.90» Fl" 0J8 0.45 0.38 
H96 0.86* I-OO* 0.95* Xl" 0.14 020 028 
(C96 0.90» 0.95* I.00» X2 0.50 0.5S* 0.51 
L I ™  0J27 031 0.41 X3 0.27 0.41 0J9 
L2 0.02 038 0.18 X4 0.14 020 0.19 
L3 0.47 0.58» 0.63* X5 0.62* 0.64'* 0.66 
L4 0.21 0.01 0-18 X6 036 0.50 0-35 
L5 0.15 0.42 0.34 X7 0.18 021 0-19 
S i "  -0-15 0.09 0.13 X8 0.12 0.09 0.08 
S2 -0.03 -020 -O.ll Pl^ -0.55 -0.45 -0.48 
S3 0-01 0.10 0-04 P2 -0.39 -0.37 -0-42 
S4 -0.17 0-01 -0.17 P3 -0.52 -0.53 -0.55 
S5 0-29 0-29 0.47 P4 -0.50 -0.44 -0.50 
S6 0-32 0-40 0.44 PC^ -0.49 -0-45 -0.49 
* Significant correlation coefficient at p = 0.05. 
^ Disease incidence in a commercial field near Humboldt, 1995. 
^ Disease incidence in a commercial field near Humboldt, 1996. 
' Disease incidence at Kanawha Research Farm, 1996 (K96). 
" Disease incidence firom mycelial inoculation of foliage. 
" Discolored portions of stems placed in oxalic acid, experiments 1-8. 
Final percentage of diseased leaf area on detached leaves, experiments 1-5. 
" Lesion lengths on stems inoculated with mycelia, experiments 1-6. 
^ Absorbance at 518 nm by stem pigments dissolved in 40 mM oxalic acid, experiments 1-4. 
^ Absorbance at 518 tun by stem pigments dissolved in 40 mM oxalic acid, combined 
analysis of experiments 1-4. 
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Table 2.9. Twelve soybean cultivars ranked according to their average performance in six sets 
of experiments and according to frequency of a rank of 1-6 out of 12 or better. 1995-1997 
Experiment^ 
rank set 1 2 3 4 5 
Number of 
experments 3 5 6 I 8 
Descripdon Detached Stem mocolatioa Foliage moculation Steins placed 
Leaf with mycelial with mycelial in40mM 
Field trials Assay discs suspension oxalic acid 
Incidence LAD' LL" Incidence LL 
Rank Cultivar (%) Cultivar (%) Cultivar (cm) Cultivar (%) Cultivar (cm) 
1 Dassel 5.4 Parker 49.7 Corsoy 79 6.4 Corsoy 79 20.0 IA2007 17.0 
2 A2506 7.1 Corsoy 79 50.0 S19-90 7.6 S19-90 26.7 Dassel 17.8 
3 Corsoy 79 8.5 S1990 56.0 Latham 440 8.1 Dassel 46.7 S1990 182 
4 SI9-90 9.1 A2506 57.8 IA2007 8.6 Kenwood 46.7 Latham 440 18.6 
5 Parker 12.7 BSR 101 59J BeU 9.1 L\2007 53.3 Corsoy 79 19.1 
6 Latham 440 20.0 Dassel 63.6 Williams 82 93 BSR 101 60.0 Parker 21J 
7 Kenwood 21.2 Bell 64.8 A2242 9.4 A2242 66.7 BSR 101 21J 
8 BSR 101 21.5 A2242 69.4 BSR 101 9.5 Latham 440 66.7 A2242 21J 
9 L\2007 242 Latham 440 72.1 Kenwood 9.8 Parker 73J A2506 22.1 
10 Bell 31.0 L\2007 72.4 A2506 10.0 Williams 82 80.0 Bell 22.9 
11 WiUiams 82 55.8 Kenwood 72.9 Parker 10.4 A2506 86.7 Williams 82 25.2 
12 A2242 60.4 Williams 82 77.1 Dassel 10.7 Bell 93J Kenwood 26J 
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Table 2.9. continued 
Experiment/ 
rank set 6 I [I in 
Number of 
experiments 4 15 12 27 
Description 
Dissolved 
pigments 
&om stems 
Ranked 1-6/12 
Ail fungal 
inoculations 
Ranked 1-6/12 
Oxalic acid 
experiments^ 
Ranked 1-6/12 
All 
experiments 
Rank 
Absorbance 
Cultivar (518 nm) Cultivar 
Freq* 
(%) Cultivar 
Freq 
(%) Cultivar 
Freq 
(%) 
I [A2007 0.039 S19-90 80.0 L\2007 100.0 S19-90 81.5 
2 Dassel 0.029 Corsoy 79 66.7 Dassel 100.0 Corsoy 79 77.8 
3 Corsoy 79 0.021 A2506 66.7 S19-90 91.7 Dassel 74.1 
4 SI 9-90 0.021 Parker 60.0 Corsoy 79 75.0 L\2007 66.7 
5 Bell 0.018 Dassel 53 J Latham 440 66.7 A2506 63.0 
6 A2506 0.017 Kenwood 533 A2506 58.3 Latham 440 55.5 
7 Kenwood 0.013 Latham 440 46.7 BSR 101 333 Parker 40.7 
8 Latham 440 0.013 BSR 101 46.7 Bell 25.0 BSR lot 40.7 
9 BSR 101 0.008 L\2007 40.0 A2242 25.0 Kenwood 333 
10 Williams 82 0.003 Bell 40.0 Parker 16.7 Bell 333 
11 A2242 0.002 A2242 26.7 Kenwood 8.3 A2242 25.9 
12 Parker 0.001 Williams 82 13.3 Williams 82 0.0 Williams 82 7.4 
" Each of sets 1-6 contained replicate experiments. 
Leaf area diseased. 
™ Lesion length. 
" Soluble pigment experiments included in this set. 
• Frequency. 
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Fig. 2.1. Lesion development on detached leaves of 12 soybean cultivars 
inoculated with mycelia of Sclerotinia sclerotiorum and incubated at 20 C 
(experiment 3). 
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Fig. 2.2. Lesion development on stems of 12 soybean cultivars inoculated 
with mycelia of Sclerotinia sclerotiorum and incubated at 18 C (experiment 1). 
80 
CHAPTER 3. SOYBEAN CULTIVAR RESISTANCE TO 
SCLEROTINIA SCLEROTIORUM MAY BE RELATED TO LEVELS 
OF ISOFLAVONE GLUCOSYL CONJUGATES IN THE HOST 
A paper to be submitted to Plant Disease 
S. N, Wegulo, C. A. Martinson, and X. B. Yang 
Abstract 
To investigate possible reasons for observed differences among soybean cultivars in 
their response to Sclerotinia sclerotiorum (Lib.) De Bary, the relationship between 
susceptibility of 12 cultivars to S. sclerotiorum imder field conditions and levels of the 
isoflavoDes daidzein and genistein and their glucosyl conjugates in non-inoculated and 
inoculated plants was determined. There were differences (p s 0.05) among cultivars in 
concentrations C^g/g dry weight) of malonyldaidzin, daidzin, and total concentrations of 
daidzein isomers in non-inoculated plants. Differences were detected among cultivars in 
concentrations of malonylgenistin and total concentrations of genistein isomers in non-
inoculated and inoculated plants. In some cultivars, concentrations of isoflavone conjugates 
were higher (p s 0.05) in inoculated than in non-inoculated plants. In Corsoy 79, 
concentrations of isoflavone conjugates were higher (p = 0.04) in non-inoculated than in 
inoculated plants. Concetrations of daidzein and genistein and their glucosyl conjugates were 
negatively correlated with susceptibility of soybean cultivars to S. sclerotiorum under field 
conditions (R = -0.66). In laboratory experiments, genistein inhibited mycelial growth of S. 
sclerotiorum (p = 0.0001) at 120 and 240 fjM.. Daidzein did not inhibit mycelial growth of 
the fungus at the same concentrations. These results suggest that resistance of soybean 
cultivars to S. sclerotiorum may be related to levels of isoflavones and isoflavone conjugates 
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constitutively present in the host or synthesized during infection. Cultivar specificity in 
response of soybean to 51 sclerotiorwn may be due in part to differential control of 
phenylpropanoid pathways. 
Sclerotinia stem rot of soybean caused by Sclerotinia sclerotionan (Lib) de Bary has 
recently become one of the leading causes of soybean yield loss in the Midwestern United 
States (9,20). Differences in response to the pathogen among soybean cultivars have been 
demonstrated (8,10). However, possible reasons for these differences have not been 
investigated. Information on the reasons for the differences observed among soybean 
cultivars in their response to inoculations with 51 sclerotiorwn would be useful in breeding 
soybean for resistance to 5. sclerotiorum. 
There is evidence (7,11) that the general defense response in soybean involves 
induction of several biosynthetic pathways leading to accimiulation of isoflavones. 
Specificity of cultivar response to 5. sclerotionan may be due in part to differences in the 
rates of accumulation or the levels of accumulated phytoalexins or their precursors in plants 
following inoculation. Phytoalexins are low molecular weight antimicrobial compounds that 
accumulate in plant tissues in response to infection, and are thought to play a role in 
restricting pathogen growth in resistant host tissues (S). The phytoalexins identified from 
soybean, the glyceoUins (13), are pterocarpans derived from the isoflavonoid precursor 
daidzein via a phenylpropanoid pathway (3, S). Another isoflavonoid product of a 
phenylpropanoid pathway is genistein. This isoflavone may be a precursor of an as yet 
unidentified phytoalexin (3). Daidzein and genistein are the major isoflavones in soybean (2, 
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4,16). They are closely related and their 7-O-glucosides have been reported to be present in 
soybean seeds (19) and as induced metabolites in leaves (1,12). Recently, these isoflavones 
have been shown to be present constitutively in large amounts in soybean seedlings as the 
glucosyl conjugates malonyldaidzin, malonylgenistin, daidzin, and genistin (6). 
Graham et al. (6) have shown that the glucosyl conjugates of daidzein and genistein 
hydrolyze rapidly to the free aglycones, followed by accumulation of high levels of glyceoUin 
during incompatible infections of soybean coQrledon tissues by Phytophthora sojae. During 
compatible infections, release of the free aglycones and accumulation of glyceoUin are 
delayed and less glyceoUin is produced (6). 
It has been shown (6) that constitutive pools of the conjugates of daidzein are utUized 
in a race-specific manner for synthesis of glyceoUin in soybean coQrledon tissues infected by 
Phytophthora sojae. Specificity among soybean cultivars in their response to infection by 5. 
sclerotiorum may similarly be due in part to differential control of alternative 
phenylpropanoid pathways. The purposes of this study were (1) to determine if differences 
among soybean cultivars in their response to S. sclerotiorum under field conditions may be 
related to levels of specific isoflavones or their glucosyl conjugates in inoculated and non-
inoculated plants, and (2) to determine if daizein and genistein inhibited mycelial growth of 
S. sclerotiorum. 
Materials and methods 
Fungal inoculatioiis. Plants were grown in the greenhouse in 10 cm-diameter pots, 
five plants/pot. Cultivars were arranged in a randomized complete block design with three 
replications. At the R1-R3 growth stage, myceUal agar plugs from S-7 d old fimgal cultures 
on PDA were placed on autoclaved carrot discs for 24 h. Each soybean stem was punctured 
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with the pointed end of a 2 mm-diameter nail and a cairot disc with 24-h old mycelia was 
placed against the wound and held in place with wet cotton wool and Parafilm. The 
inoculated plants were placed in a growth chamber at 18 C with 12-h light and l2-h dark. 
Plants in a control experiment were not inoculated or punctured. 
Preparation of leaf material. Five days after inoculation, leaves above the point of 
inoculation were harvested, oven-dried to constant weight at 85-95 C, then ground to powder 
using a No. 1 Wiley mill (Arthur H. Thomas Co., Philadelphia) fitted with a 2-mm-diameter 
hole screen. Ground samples were stored in covered glass petri dishes at room temperature 
until needed for isoflavone extraction. The experiment in which plants were inoculated with 
mycelia of S. sclerotiorum was repeated once. 
Extraction of isoflavones and Eff LC assays. Samples from one replication in each 
of the two experiments in which plants were inoculated and from two replications in the 
control experiment were analyzed for isoflavone concentrations. The method of Wang and 
Murphy (17) was used for isoflavone extraction and HPLC (high performance liquid 
chromatography) assays. 
Dry powdered leaf material (2 g) from each cultivar was placed in a 125 mL screw-
top Erlenmeyer flask and 20 mL of acetonitrile, 2 mL of 0.1 N HCl, and 7 mL of water were 
added. The mixture was stirred on a platform shaker (Irmova 2000) for 2 h at room 
temperature, then filtered through a Whatman No. 42 filter paper. The filtrate was dried on a 
rotary evaporator (Buchi, Brinkman, Westbury, NY) at < 30 C and the residue was dissolved 
in 10 mL of 80% HPLC grade methanol in water. An aliquot of each sample was filtered 
through a 0.45-|am PTFE (poly-tetrafluoroethylene) filter unit (Alltech. Associates Inc., 
Deerfield, IL) and analyzed by HPLC. Absorbance from 200 to 350 nm was monitored by a 
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Beckman 168 photodiode array detector. Peak areas of recorded UV spectra were integrated 
by Beckman Gold system software (version 8, 1993). 
Effect of daidzein and genistein concentrations on mycelial growtii of 
sclerotiorum. Daidzein and genistein were obtained from Sigma. Concentrations of 
daidzein at 120 and 240 [jM were achieved by dissolving 7.6 and 15.3 mg, respectively, of 
the aglycone in 250 mL of 2% autoclaved water agar. Concentrations of genistein at 120 and 
240 yuM were achieved by dissolving 8.1 and 16.2 mg, respectively, of the aglycone in 250 
mL of 2% autoclaved water ^ar. These concentrations were chosen because they have been 
reported to be within the toxicity range of the common phytoalexins (14) and are within the 
range of constitutive levels of isoflavones that occur in various organs of soybean (4). In 
addition, these concentrations are lower than concentrations of daidzein and genistein 
reported to be released or synthesized from preformed conjugates within the first 24 h 
following incompatible infections of soybean by Phtophthora sojae (6). 
The water agar at each concentration was dispensed onto 9 cm-diameter petri plates 
using a 20 mL syringe, 12.5 mL/plate. A two-factor experiment in a randomized complete 
block design was conducted. The experiment involved two temperatures (18 and 26 C), five 
isoflavone concentrations (daidzein at 120 and 240 ^M, genistein at 120 and 240 mM, and 
the control), and three replications. Mycelivrai of isolate A of S. sclerotiorum on an 8-mm-
diameter agar disc from a 2-d old culture was transferred to each water agar plate. The 
source and maintenance of this isolate of S. sclerotiorum have been described in Chapter 2, 
page 51. The fimgal cultures on water agar plates were incubated at 18 and 26 C under 12-h 
light and 12-h dark (18 C) or 24-h light (26 C). The diameter of each fungal culture was 
recorded every 12 h starting at 24 h after culture transfer to the plates. The final culture 
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diameter was recorded at 72 h. The experiment was repeated once. 
Data were analyzed by the general linear models procedure (15). Pairwise 
comparisons of means were made using the least significant di£ference test (15). 
Results 
Differences among cultivars (p ^ 0.05) were observed in concentrations C^g^g dry 
weight) of malonyldaidzin, acetyldaidzin, daidzin, and total concentrations of daidzein 
isomers in non-inoculated plants (Table 3.1). Corsoy 79, Dassel, and Latham 440 contained 
higher concentrations of malonyldaidzin in non-inoculated plants than other cultivars. 
Concentrations of malonyldaidzin in non-inoculated plants were lower than in inoculated 
plants (p s 0.05) for Bell and L^2007 and higher (p = 0.04) for Corsoy 79. There were 
differences (p ^ 0.05) among cultivars in concentrations of malonylgenistin and total 
concentrations of genistein isomers in non-inoculated and inoculated plants (Table 3.2). 
Corsoy 79, Dassel, and Latham 440, which are moderately resistant, contained higher 
concentrations of malonylgenistin in non-inoculated plants than other cultivars. In inoculated 
plants, Parker contained the highest concentration of malonylgenistin. 
Except for Corsoy 79 and Latham 440, inoculated plants contained higher 
concentrations of isofalvones or isoflavone conjugates, but the differences were not 
significant (p = 0.05) for all culitvars (Tables 3.1 and 3.2). In general, concentrations of 
malonyldaidzin, acetyldaidzin, malonylgenistin, and acetylgenistin were higher than 
concentrations of daidzin, daidzein, genistin, and genistein in non-inoculated and inoculated 
plants. Total concentrations of daidzein and genistein isomers in inoculated plants were 
higher in Corsoy 79, S19-90, Parker, Dassel, A2506, and BSRIOI than in less resistant 
cultivars. In non-inoculated plants, total concentrations of isomers of these isoflavones were 
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higher in Latham 440 and A2242 than in other cuitivars. 
Concetrations of daidzein and genistein and their glucosyl conjugates were negatively 
correlated with susceptibility of soybean cuitivars to S. sclerotiorum under field conditions 
(Table 3.3). Correlation coefficients were higher for inoculated than for non-inoculated 
plants and ranged firom 0.19 to -0.66 (Table 3.3). Out of a total of 60 correlation coefBcients, 
50 (83%) were negative. 
Genistein inhibited mycelial growth of S. sclerotiorum at 120 and 240 /^M, and at 18 
and 26 C, but daidzein did not have an inhibitory effect at the same isoflavone concentrations 
and temperatures (Fig. 3.1). Effects of temperature, concentration, as well as temperature by 
concentration interaction were significant (p s 0.05) (Table 3.4). Mycelial growth rate was 
greater at 26 C than at 18 C (Fig. 3.1). The level of inhibition of mycelial growth by 
genistein at 120 /zM was not different firom that at 240 fjM (Fig. 3.1). 
Discussion 
The differences in concentrations of isoflavone conjugates among soybean cuitivars in 
non-inoculated and inoculated plants suggest that cuitivars may differ in the biosynthetic 
pathways that lead to the constitutive accumulation, or synthesis during infection, of these 
compounds. It has been demonstrated (6) that during infection of soybean cotyledon tissues 
by P. sojae, malonyldaidzin and daidzin are hydrolyzed to daidzein, which is an immediate 
precussor of glyceoUin, whereas malonylgenistin is hydrolyzed to genistin and genistein. 
Genistein has been shown to be toxic to P. sojae at concentrations below those released 
during infection (14), and is thought to be a precursor of an as yet unidentified phytoalexin 
(3). Genistein has also been shown to be antifungal to Rhizoctonia solani and Sclerotium 
rolfsii{\%). In this study, concentrations of genistin and genistein in inoculated plants were 
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higher than concentrations of daidzin and daidzein. A possible reason for this difference may 
be that genistein itself may restrict pathogen growth, as demonstrated in this study for 5. 
sclerotiorum and by Rivera-Vargas et al. (14) for P. sojae whereas daidzein, which did not 
inhibit mycelial growth of S. sclerotiorum in this study, may function mainly as a precursor to 
the ph3^oalexin glyceoUin, which has been shown to restrict fungal growth (21). 
The negative correlation between susceptibility of soybean cultivars to 51 
sclerotiorum under field conditions and concentrations of daidzein, genistein, and their 
glucosyl conjugates in non-inoculated and inoculated plants indicates that soybean cultivar 
resistance to the pathogen may be related to concentrations of these compounds in healthy 
plants or the ability of plants to synthesize the compounds during infection. Daidzin and 
genistin were absent or present in low concentrations in non-inoculated plants, but were 
present in higher concentrations in inoculated plants in all cultivars, suggesting that cultivars 
may differ in their ability to hydrolyze constitutive malonyl forms or to synthesize the 
isoflavone conjugates during infection. 
The higher concentrations of malonyldaidzin and malonylgenistin in non-inoculated 
and inoculated Corsoy 79, known to be moderately resistant to S. sclerotiorum (10), Dassel, 
and Parker than in the susceptible Williams 82 is evidence of the possible role of isoflavone 
conjugates in soybean cultivar resistance to SI sclerotiorum. S19-90, another moderately 
resistant cultivar (based on results reported in Chapter 2 of this dissertation), had a lower 
concentration of malonyldaidzin and malonylgenistin than other cultivars with comparable 
levels of resistance. S19-90 (as well as Corsoy 79 and A2506) appears to have the ability to 
synthesize high concentrations of isoflavone conjugates during infection, because the total 
concentrations of genistein isomers were much higher in inoculated than in non-inoculated 
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S19-90 and A2506 plants. 
The presence of the acetate forms of daidzein and genistein in leaf extracts may be 
due to decarbo^lation of the malonyl group during oven drying of leaves (6; P. A. Murphy, 
personal conununication). These forms have not been detected in living soybean tissues (6). 
The significant interaction between temperature and isoflavone concentration effects 
on mycelial growth of 51 sclerotiorum demonstrated in this study indicates that temperature 
and isoflavone concentration are not independent. These results suggest that the infection 
process may proceed faster at higher but non-inhibitory temperatures than at lower 
temperatures even in cultivars that may have or synthesize high concentrations of isoflavone 
conjugates. This observation may be important under field conditions in which there are 
considerable diurnal and seasonal temperature fluctuations. 
This study provides evidence for the first time that differences among soybean 
cultivars in their response to S. sclerotiorum may be related in part to (1) differences in 
concentrations of the glucosyl conjugates of the closely related isoflavones daidzein and 
genistein in non-inoculated plants, or (2) differences in the ability of plants to synthesize 
and/or hydrolyze isoflavone conjugates during infection. Identification and possible 
manipulation of the genes involved in the synthesis and hydrolysis the 7-O-glucosyl- and 6"-
O-malonyl-7-O-glucosyl-isoflavones in soybean cultivars may provide additional tools for 
management of Sclerotinia stem rot of soybean. 
Acknowledgments 
We thank Dr. Patricia A. Murphy and Kobita Barua, Department of Food Science and 
Human Nutrition, Iowa State University, for assistance in isoflavone extraction and HPLC 
assays. 
89 
Literature cited 
1. Cosio, E. G., Weissenbock, G., and McLure, J. W. 1985. Acifluorfen-induced 
isoflavonoids and en^nnes of their biosynthesis in mature soybean leaves. Plant 
Physiol. 78:14-19. 
2. Grady, H., Palmer, R. G., and Imsande, J. 199S. Isoflavonoids in root and hypocotyl of 
soybean seedlings {Glycine max, Fabaceae). Amer. J. Bot. 82:964-968. 
3. Graham, T.L. 1995. Cellular biochemistry of phenylpropanoid responses of soybean to 
infection by PhytopiUhora sojae. Pages 85-116 in: Handbook of Phytoalexin 
Metabolism and Action. M. Daniel and R. P. Purkayastha, eds. Marcel Dekker, New 
York. 615 pp. 
4. Graham, T.L. 1991. Flavonoid and isoflavonoid distribution in developing soybean 
seedling tissues and in seed root exudates. Plant Physiol. 95:594-603. 
5. Graham, T. L., and Graham, M. Y. 1991. Glyceollin elicitors induce major but 
distinctly different shifts in isoflavonoid metabolism in proximal and distal soybean cell 
populations. Mol. Plant-Microbe Interac. 4:60-68. 
6. Graham, T. L., Kim, J. E., and Graham, M. Y. 1990. Role of constitutive isoflavone 
conjugates in the accumulation of glyceollin in soybean infected with Pf^ tophthora 
megasperma. Mol. Plant Microbe Interact. 3:157-166 
7. Graham, T. L., Kim, J. E., and Graham, M. Y. 1996. Signaling in soybean 
phenylpropanoid responses. Dissection of primary, secondary, and conditioning effects 
oflight, wounding, and elicitor treatments. Plant Physiol. 110:1123-1133. 
8. Grau, C. R., and Bissonette, H. L. 1974. Whetzelinia stem rot on soybeans in 
Minnesota. Plant Dis. Rep. 58:693-695. 
90 
9. Grau, C. R., and Oplinger, E. S. 1996. White mold ofsoybean in the midwest In; The 
First Annual Midwest Soybean Conference. Iowa Soybean Association. At^usC9-l2, 
1996, Des Moines. 
10. Grau, C. R., Radke, V. L., and Gillispie, F. L. 1982. Resistance of soybean cultivars to 
Sclerotinia sclerotionm. Plant Dis. 66:506-508. 
11. Morris, P. F., Savard, M. E., and Ward, E. W. B. 1991. Identification and accumulation 
of isoflavone glucosides in soybean leaves and hypocotyls in resistance responses to 
Phytophthora megasperma f. sp. glycima. Physiol. Mol. Plant Pathol. 39:229-244. 
12. Osman, S. F., and Fett, W. F. 1983. Isoflavone glucoside stress metabolites of soybean 
leaves. Phytochemistry 22:1921-1923. 
13. Paxton,J. 1995. Soybean Phytoalexins: elicitation, nature, mode of action, and role. 
Pages 69-83 in: Handbook of Phytoalexin Metabolism and Action. M. Daniel and R. P. 
Purkayastha, eds. Marcel Dekker, New York. 615 pp. 
14. Rivera-Vargas, L. I., Schmittheimer, A. F., and Graham, T. L. 1993. Soybean flavonoid 
effects on and metabolism by Phytophthora sojae. Phytochemistry 32:851-857. 
15. Steel, R. G. D., Torrie, J. H., and Dickey, D. A. 1997. Principles and Procedures of 
Statistics. A Biometrical Approach. McGraw-Hill. 666 pp. 
16. Wang, H. J., and Murphy, A. 1994. Isoflavone composition of American and Jqranese 
soybeans in Iowa: effects of variety, crop year, and location. J. Agric. Food Chem. 
42:1674-1677. 
17. Wang, H. J., and Murphy P. A. 1996. Mass balance study of isoflavones during 
soybean processing. J. Agric. Food Chem. 44:2377-2383. 
18. Wedenboraer, M., Hindorf, H., H. C., Tsotsonos, P., and Egge, H. 1990. 
Antifungal activity of isoflavonoids in different reduced stages on Rhizoctonia solani 
and Sclerothan rolfsii. Phytochemistry 29:801-803. 
19. Wong, E. 1975. The Isoflavones. Pages 743-800 in: The Flavonoids. J. B. Harbome 
and H. Mabry, eds. Chapman and Hall, London. 
20. Wrather, J. A., Anderson, T. R., Arsyad, D. M., Gai, J., Plopper, L. D., Porta-Puglia, A., 
Ram, H. H., and Yorinori, J. T. 1997. Soybean disease loss estimates for the top 10 
soybean producing countries in 1994. Plant Dis. 81:107-110. 
21. Yoshikawa, K., Yamauchi, K., and Masago, H. 1978. Glyceollin: its role in restricting 
fungal growth in resistant soybean hypocotyls infected with Phytophthora megasperma. 
Physiol. Plant Pathol. 12:73-82. 
92 
Table 3.1. Analysis of variance and means of concentrations (^g/g dry weight) of daidzein 
and its 6"-0-malonyl-7-0-glucosyl and 7-O-glucosyl conjugates in extracts of leaves fix)m 
healthy greenhouse-grown plants and leaves from plants inoculated with mycelia of 
Sclerotinia sclerotiorum in twelve soybean cultivars, and incidence (%) of Sclerotinia stem 
rot in plots of the same cultivars in a commercial field near Himiboldt, Iowa 
Malonyl 
daidazin 
AcCQrl 
daid^ Daidzin Daidzein 
Totar 
daidzein 
Conti'' Inoc^ Contr Inoc Contr Inoc Contr [noc Contr Inoc Incidence 
Source of 
Variation df MS MS MS MS MS MS MS MS MS MS 
Replications 1 9480.4 315.4 3901.5 228930.7 600.0 5280.7 170.7 7350.0 7526.0 20827.0 
Culuvars 11 39290.0 16734.2 34955.2 4233.6 450X5 5186.2 249a 825.8 59094.7 18671.3 
Error 11 1846a 11515.4 7626.9 8519.2 76X6 60595 201.6 764a 5788.0 24428.4 
F (cultivars) 21.28 1.45 4.58 0.50 5.90 0.86 1^4 1.08 loai 0.76 15.43 
P > F (cultivars) 
0.0001 
0.0001 0.2729 0.0090 0.8692 0.0033 0.59% 0J656 0.4500 0.0003 0.6682 
Cultivars MEANS 
Corsoy 79 354.0 b» 276.5 23X5 b 190.0 71.0 b 159.5 44.0 86.0 395.0 b 684.0 8.0 e 
S19-90 135.5 d-f 248.0 55.0 b-d 28X0 28.0 be 204.5 21.5 100.5 137.5 cd* 517.5 I7.5de 
Dassel 288.0 be 30X5 210.5 be 205.0 0.0 c 80.5 34.0 87.5 296.0 be 403.5 9.3 c 
Parker 217.0 cd 524.5 17X0 b-d 265.0 0.0 c 284.0 26.0 98.5 226.0 cd 684.0 23.8 c-c 
Latham 440 526.5 a 279.5 489.5 a 22X0 153.5 a 157.0 28.0 127.5 659.5 a 488.5 31.3 b-d 
A2242 220.0 cd 196.5 94.0 b-d 11X5 37.0 be 179.5 23.5 99.0 204.0 cd 370.5 70.0 a 
Bell 157.0 de» 244.5 10X5 b-d 146.5 77.5 b* 120.5 0.0 81.5 183.5 cd 359.5 42.8 b 
fCenwood 85.5 ef 18X0 90.0 b-d 21X5 0.0 c* 143.0 23.5 79.5 116.5 377.0 33.8 b-d 
BSR 101 112.5 ef 233.5 85.5 b-d 179.0 0.0 c 156.5 IXO 111.0 116.5 d 434.0 27.5 b-d 
IA2007 77.0 ef* 229.5 58.5 b-d 187.0 0.0 c 130.0 24.5* 48.0 96.0 d 347.0 40.0 be 
A2506 74.5 ef 216.0 0.0 d 179.5 17.0 c 127.0 13.0* 90.5 61.0 d 376.5 lO.Oe 
Williams 82 57.0 185.5 24.0 cd 206.5 0.0 c 13X0 18.0 68.5 60.0 d 357.0 78.8 a 
SE 30.4 75.9 61.8 65J 19.5 55.0 10.0 19.5 53.8 110.5 i2 
* Significant difference (p ^ 0.05) between non-inoculated and inoculated plants. 
^ Sums of individual isomers of daidzein normalized for their molecular weight differences 
to give the total isoflavone concentrations. Other columns show the concentrations of each 
of the individual isomers. 
* Cultivar means within colunms followed by the same letter are not significantly different at 
p = 0.05 accoording to the least significant difference test. 
Control = non-inoculated. 
^ Inoculated. 
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Table 3.2. Analysis of variance and means of concentrations (^g/g dry weight) of genistein 
and its 6"-0-nialonyl-7-0-glucosyl and 7-O-glucosyl conjugates in extracts of leaves from 
healthy greenhouse-grown plants and leaves from plants inoculated with mycelia of 
Sclerotinia sclerotiorum in twelve soybean cultivars, and incidence (%) of Sclerotinia stem 
rot in plots of the same cultivars in a field at Kanawha Research Farm, Iowa 
Vfalonyl 
geni^ 
Acetyl 
genistin Genistin Genistein 
Total" 
genistein 
Conn' Inocf Contr Inoc Contr Inoc Contr Inoc Contr tnoc Incidence 
Source of 
Variauon df MS MS MS MS MS MS MS MS MS MS 
Replications I 16854.0 3266.7 17227.0 123840.7 3105.4 15913.5 16224.0 2090.7 46200.4 155X0 
Cultivars 1134680.6 15271.3 10872.6 9526.6 5579.1 43780.9 1925J 3148.0 37067.4 57060.4 
Error 11 1126.5 3885.7 628J 4394.9 3377.1 8487.0 1814.6 2797.2 2816.0 9024.8 
F (cultivars) 30.79 3.93 17J0 2.17 1.65 5.16 1.06 1.13 13.16 6.32 33.17 
P > F (cultivars) 
0.0001 
0.0001 0.0161 0.0001 0.1076 0.2091 0.0057 0.4617 0.4241 0.0001 0.0024 
Cultivars MEANS 
Corsoy 79 414.0 a 320.0 b 297.0 a 225.0 28.5* 502.0 a 71.0 155.5 474.0 a 764.5 ab 2.8 c 
S19-90 166.5 d 283.0 b 189.0 b-d 288.5 30.0 293.5 b 19.0 158.0 232.0 c-e' • 648.0 be X8e 
Oassel 446.0 a 31i5b 224.5 b 188.0 132.5 216.0 b 41.5 100.5 485.5 a 505.5 1.6 e 
Parker 302.5 be* 524.5 a 23Z0b 348.5 176.5 621.0 a 21.0 120.0 420.5 ab 917.5 a 7.4 dc 
Latham 440 426.5 a 219.0 b 335.0 a 188.5 137.5 131.5 b 50.5 66.5 527.0 a 392.5 ef 15.9 cd 
.\2242 374.5 ab 258.0 b 306.0 a» 168.5 156.0 280.5 b 33.0 130.0 500.0 a 526.0 c-f 64.0 a 
Bell 273.0 c 254.5 b 193.0 b-d 139.0 120.5 162.5 b 50.5 37.5 338.0 be 390.5 ef 19.9 c 
Kenwood 153.0 de 206.5 b 141.0 d 153.0 67.0* 238.5 b 26.5 92.5 228.5 c-c 436.5 d-f 20.6 c 
BSR 101 184.0 d 306.0 b 198.5 be 271.0 65.0 169.0 b 114.5 76.0 275.0 cd 584.5 b-e 18.4 e 
IA2007 70.0 e 197.5 b 80.5 e 150.0 43.0 137.5 b 20.5 54.5 130.0 e* 329.0 f 21.8 e 
A2506 162.5 d 333.5 b 184.5 b-d 279.5 84.5 24X5 b 93.5 55.5 267.5 cd 608.5 b-d 6.1 e 
Williams 82 125.5 dc 239.0 b 149.5 cd 148.5 34.5* 273.5 b 25.5 106.5 197.5 de 486.5 c-f 51.3 b 
SE 23.7 44.1 17.7 46.9 41.1 65.1 30.1 37.4 37.5 672 4.8 
* Significant difference (p ^ 0.05) between non-inoculated and inoculated plants. 
^ Sums of individual isomers of genistein, normalized for their molecular weight differences 
to give the total isofiavone concentrations. Other columns show the concentrations of each 
of the individual isomers. 
" Cultivar means within colimins followed by the same letter are not significantly different at 
p = 0.05 accoording to the least significant difference test. 
Control = non-inoculated. 
^ Inoculated. 
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Table 3.3. Spearman correlation coefficients for comparing field incidence of Sclerotinia 
stem rot among 12 soybean cultivars in a commercial field near Humboldt in 1995-96 (H9S 
and H96) and in a field at Kanawha Research Farm in 1996 (K96) with concentrations (^g/g 
dry weight) of malonyldaidzin (MDIN)> acetyldaidzin (ADIN)> daidzin (DIN), daidzein 
(DEIN), total daidzein (TDEIN)^ malonylgenistin (MGIN), ace^lgenistin (AGIN), genistin 
(GEN), genistein (GEIN), and total genistein (TGEIN) in non-inoculated and inoculated 
greenhouse-grown plants 
Non-inoculated Inoculated 
Isoflavone/ 
isoflavone 
conjugate H95 H96 fC96 H95 H96 K96 
MDIN -O.IO -0.27 -0.22 -0.40 -0J8 -0.45 
ADIN -0.18 -0.24 -0.25 -0.66* -0.41 -0.56 
DIN 0.12 -0.05 -0.07 -0.07 -0.03 -0.04 
DEIN -OJO -0J4 -0.24 -0.07 -0.26 -0.17 
TDEIN -0.12 -0.25 -0.23 -0J6 -0.50 -0.50 
MGIN 0.06 -02* -0.13 -OJO -0.41 -0.39 
AGIN 0.19 -0.12 0.02 -0.50 -0.56 -0.52 
GIN 0.12 0.05 O.I I -0.13 -0.22 -0.20 
GEIN -0.09 -0J8 -0.24 0.05 -0.08 0.00 
TGEIN O.I I -0.19 -0.06 -0.25 -0.41 -0.35 
* Significant correlation coefficient at p = 0.05. 
^ Sums of individual isomers (MDIN, ADIN, DIN, DEIN, MGIN, AGIN, GIN, and GEIN) of 
each isoflavone, daidzein and genistein, normalized for their molecular weight differences. 
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Table 3.4. Analysis of variance for mycelial area of 72 h-old Sclerotinia sclerotionm 
cultures treated with 120 and 240 daidzein and genistein at 18 C and 26 C, and one 
control at each temperature, six repUcations fiom two eiqieriments 
Source Degrees Sums Probability 
of of of Mean Computed of a Greater 
Variatioa Freedom Squares Squares F F 
Replications 5 37.87 7S1 
Treatments 9 791.97 88.00 26.66 0.0001 
Temperature (I)  201.27 201.27 60.97 0.0001 
Concenttation (4) 551.76 137.94 41.79 0.0001 
Temp • Cone (4) 38.94 9.74 2.95 0.0301 
Error 45 148.55 3J0 
Total 59 1731.42 
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fS 
E a 
C9 
§ 20 
o. 
x 
Control 
Daidzein 120 x 10 
Daidzein 240x10 
Gemstein 120 x 10 
Genistem 240 x 10 
18 C 
80 
Control 
Daidzein 120 x 10 
Daidzein 240 x 10 
Genistem 120 x 10 
Gemstem 240 x 10 
Time (hours) 
Fig. 3.1. Effect of daidzein and genistein concentrations on mycelial growth of Sclerotinia 
sclerotiorum on water agar at 18 and 26 C (two experiments). 
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CHAPTER 4. SPREAD OF SCLEROTINIA STEM ROT OF 
SOYBEAN FROM AREA AND POINT SOURCES OF APOTHECIA 
A paper to be submitted to Phytopathology 
S. N. Wegulo, X. B. Yang, and C. A. Martinson 
Abstract 
In 1995, spread of ascospores of Sclerotinia sclerotionm from area and point sources 
of apothecia was quantified as disease incidence in transects and plots in soybean fields. 
Disease incidence was measured in a soybean field adjacent to a com field naturally infested 
with S. sclerotionm. Disease incidence was greatest close to the area source of inoculum 
and decreased with increasing distance from the edge of the soybean field. Disease gradients 
in the soybean field were described nearly equally well by power law model, the exponential 
model, and the logit-log transformation model. In 1996, disease incidence in transects in 
noninfested areas of a soybean field increased with increasing distance from the edges of 
soybean and com area sources of inoculiui, reached a maximum at 10-12 and 18-20 m from 
the edge of the area sources, then decreased in a manner characteristic of the disease gradient 
curve between 10-12 m and 32 m, and 18-20 and 45 m from the area sources. Disease 
incidence in transects perpendicular to the com area source was greater than disease 
incidence in transects perpendicular to the soybean area source. Disease incidence was 
highest, but fluctuated, in transects spanning the entire length of the noninfested part of the 
soybean field sandwiched between two inoculum area sources in the western third of the 
field. Disease incidence decreased with increasing distance from point sources of apothecia 
placed at the centers of soybean plots. 
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In pathosystems that involve Sclerotinia sclerotiorum (Lib.) de Bary, such as the bean 
{Phaseolus vulgaris)- and the soybean {Glycine max)-S. Sclerotiorum pathosystems, 
ascospores are the means by >^ch most primary infections occur in the field (1). Ascospore 
dispersal is important for dissemination and survival of the pathogen. Previous studies (20, 
39,40,49) have shown that greater numbers of ascospores of S. sclerotiorum are deposited 
within a few meters of the source. Boland and Hall (8) found that apothecia of S. 
sclerotiorum and Sclerotinia stem rot of soybean {Glycine max) were spatially aggregated, 
and numbers of apothecia and disease incidence were correlated. They concluded that 
disease resulted primarily firom inociilum produced within the field. Suzui and Kobayashi 
(49) found that in kidney beau (Phaseolus vulgaris) fields, ascospores of S. sclerotiorum 
were deposited in large amounts near point sources of apothecia, and the number of 
ascospores decreased as the distance firom the source increased. 
Based on the results of other studies, Suzui and Kobayashi (50, 51) noted, however, 
that some ascospores of S. sclerotiorum may be dispersed several hundred meters, and this 
long distance dispersal may result in field-to-field spread of the pathogen. Hartill (20) found 
that ascospores of S. sclerotiorum were trapped in large numbers when apothecia were found 
near the trap. In spore-trapping smdies in sunflower (Helianthus annuus) fields artificially 
infested with sclerotia of S. sclerotiorum, McCartney and Lacey (39,40) concluded that 
disease severity may be related to the concentration of ascospores during the infection period. 
Studies aimed at determination of dispersal distances and dispersal, deposition, and 
disease gradients in crops that are hosts to S. sclerotiorum may be usefiil in identification of 
inoculum sources (17), evaluation of the importance of primary inoculum (46), 
determination of minimum crop field isolation distances from potential inoculum sources 
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(37), detection of interplot interference within and interpretation of results from small plot 
experiments (28), and proper scheduling of spra3dng protectant or curative chemicals (31). In 
most pathosystems (2-7,10, 22,27,41,45), the amount of disease (incidence or severity) or 
the number of pathogen spores has been found to be greatest near the inoculum source, to 
decrease with increasing distance from the source, and to generally follow the pattern 
predicted by the power law model (14), the exponential model (29), or other modifications 
(25,41) of the general exponential model of Lambert et al. (30). There is lack of 
information on the patterns of spread of S. sclerotiorum in soybean fields. 
In pathosystems involving 5. sclerotiorum, dispersal distances have been reported to 
range from 25 m to several hundred meters (49-51) or longer (9). Because of the large 
differences in dispersal distances of S. sclerotiorum reported in the literature, there is a need 
for more studies aimed at determining pathogen dispersal distances and patterns. In 
particular, there is lack of information on dispersal distances and dispersal and disease 
gradients in the soybean-iS. sclerotiorum pathosystem. The purposes of this study were to (1) 
determine if ascospores of S. sclerotiorum produced in one field dispersed to a neighboring 
soybean field, (2) determine how far within a soybean field ascospores of S. sclerotiorum 
dispersed from area sources of inoculum, and (3) determine dispersal patterns in a soybean 
field from point sources of apothecia. 
Materials and methods 
Corn field to soybean field spread. Experimental fields were two commercial fields 
near Humboldt, Iowa (Fig. 4.1). The com field was infested with natural inoculimi of S. 
sclerotiorum from the crop in the previous year and was planted at a row spacing of 0.76 m. 
The soybean field was planted with a moderately susceptible cultivar at 0.76 m row spacing. 
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Apothecia were not observed in this field during the growing season. The horizontal distance 
between the northern edge of the apothecial inoculum area source in the com field and 
soybean plants along the southern edge of the soybean field was approximately 4 m. The 
groimd level in the com field was lower than that of the neighboring soybean field by 
approximately 0.4 m. The part of the soybean field adjacent to the com field was planted 
with 31 rows of soybean in an east-west direction at a row spacing of 0.76 m. The rest of the 
field was planted with the same soybean cultivar in a north-south direction at 0.76 m row 
spacing. 
In September, incidence of Sclerotinia stem rot was measured along six 10-m wide 
transects perpendicular to the edge of the com field. Three of the transects were 
approximately 15 m long starting from the edge of the soybean field adjacent to the com 
field. The other three transects were each 50 m long. One of the transects (A) was on the 
east edge of the soybean field. The other five transects were B: 21-30, C: 31-40, D: 41-50, E: 
51-70, and F: 71-80 m from the east edge of the field. Disease incidence data in transects A, 
B, and F were taken up to a distance of 50 m from the southem edge of the soybean field. 
Each of these three transects was divided into seven 30.4 m^ (10 m by 4 row widths) sections 
and one 22.8 m- (10 m by 3 row widths) section in the area of the field with rows oriented in 
an east-west direction, and three 100 m- (10 m by 13 row widths) sections in the area of the 
field in which rows were oriented in a north-south direction. Distance was measured from 
the edge of the soybean field adjacent to the com field to the midpoint of each section in each 
transect. Sections in the soybean field were rated for stem rot incidence on 22 September in 
transect B; 24 September in transects C, D, and E; 27 September in transect F; and 28 
September in transect A. During this period, the soybean crop had already reached 
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physiologicai maturity, therefore disease incidence was not expected to change with time. 
Diseased plants were identified on the basis of having mycelia or sclerotia on their stems. 
Disease gradient curves were constructed from disease incidence data collected up to 15 m 
(20 row widths) for all six transects, A-E. Disease incidence data from transects B and F and 
their average were used to construct disease gradient curves representing incidence over a 
distance of SO m from the edge of the soybean field adjacent to the com field. Disease 
incidence data from transect A were not used to construct a disease gradient curve over a 
distance of 50 m because of the very low disease incidence along the edge of the field next to 
the highway. 
The power law model of Gregory (14), the exponential model of Kiyosawa and 
Shiyomi (29), and the logit-log transformation model proposed by Jeger (25) were fit to 
disease gradient data using linear regression of transformed disease incidence data on 
distance (or transformed distance) to estimate slope and intercept parameters. The fits of 
these models to disease gradient data were evaluated by using coefiBcients of determination 
(r^) and observations of residual patterns. In order to appropriately fit the Gregory and the 
Kiyosawa and Shiyomi models to disease gradient data, amount of disease (y) was 
represented by the number of plants infected per unit area (1 m-) (14) rather than percentage 
incidence, because of the lack of an implicit upper limit of 100% in either of these two 
models (57). To fit the logit-log transformation model (25) to disease gradient data, amount 
of disease (y) was represented by the proportion of diseased plants per unit area (I m"). 
Spread from an area source within a field. Spread of ascospores of S. sclerotiorum 
from com and soybean area sources of inoculum was quantified as the number of infected 
Williams 82 soybean plants in 4 m~ quadrats along transects in noninfested areas in a field 
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ip^CTiring 45 60 m at the Blinds Research Faim near Ames, Iowa. In the spring of 1995, 
three areas in the western half of the field (Fig. 4.2) were infested with sclerotia separated 
firom harvested sunflower seed at a rate of 80 sclerotia/m^ The first two areas were adjacent 
to each other and each measured 10 m wide by 60 m long. Th^r were separated from the 
third area, measuring 10 m wide by 40 m long, by a distance of 12 m. The 12-m wide area 
spanning the entire length of the field was sandwiched between infested areas to determine if 
there was an additive effect on disease incidence of inoculum spreading from two infested 
areas physically separated by distance. In 1995, the infested area in the northern part of the 
field was planted with eight soybean cultivars as one of the preliminary cultivar trial 
experiments. The infested area in the southern part of the field was planted with Williams 82 
in a preliminary experiment to determine the effect of inoculimi density on disease incidence 
The non-infested area was planted with com. However, due to hot and dry weather during 
the growing season, disease did not develop sufficiently in 1995 for collection of statistically 
quantifiable data. In the spring of 1996, the first mfested area was drill-planted with the 
soybean cultivar Williams 82 at 0.19 m row spacing, the second infested area was planted 
with field com at 0.76 m row spacing, and one half of the third infested area was planted with 
field com at 0.76 m row spacing and the other half was drill-planted with Williams 82 
soybean at 0.19 m row spacing. The rest of the field was drill-planted with Williams 82 
soybean at 0.19 m row spacing. Seeding rate for drilled soybeans was 395,000 seeds/ha. 
Starting at early flowering, the infested areas were sprinkler-irrigated to keep the soil moist. 
Soon after detection of the first disease symptoms, nine 2-m wide transects were marked 
across the noninfested area of the field (Fig. 4.2). Each transect was divided into consecutive 
4 m~ quadrats. Apothecia were counted on 14 August in the soybean area source of inoculum 
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and oa IS August in the com area source of inoculum. The number of infected soybean 
plants per quadrat was determined on 21-27 August and again on 4-6 September. 
Spread from point sources of inoculiim. In 1995 and 1996, clusters of apothecia 
were introduced at the centers of Williams 82 soybean plots at the RI (early flowering) 
growth stage at Hinds Research Farm, Ames, Iowa. Treatments were two row widths (0.19 
and 0.76 m) and distance; (I) the first 3 m^ section (1 m finm the point source by 3 m wide, 
on each side of the point source of inoculum), (2) the second 3 m^ section fix>m the point 
source, and (3) the third 3 m~ section fix>m the point source. Treatments were arranged in a 
split-plot design with 0.76 and 0.19 m row spacing as the main plot treatments and 1 m long 
sections at 1,2, and 3 m firom the point source as the subplot treatments. Plots were 6 m long 
by 3 m wide, and rows were planted in an east-west direction. The fields did not have a 
previous history of Sclerotrnia stem rot Apothecia attached to parent sclerotia were collected 
from a commercial field near Humboldt, Iowa in 1995 and from an infested field at Hinds 
Research Farm in 1996. This field (at Hinds Research Farm) was artificially infested with 
sclerotia collected fix)m simflower fields in North Dakota (crop of 1994) in the spring of 
1995. Immediately after removal from the soil, ^)othecia were placed in large paper baking 
cups or in egg boxes, which were then covered and placed in insiilated coolers during 
transportation. Upon arrival at experimental plots, the appropriate number of containers 
(with 6-10 apothecia-bearing sclerotia) were placed at the center of each plot, after which 
they were opened. 
In 1995 and 1996, plots were rated for disease incidence 2-3 wk after the first signs of 
disease (mycelia on stems) were observed. Data were analyzed by the general linear models 
procedure. The least significant difference test (12) was used to make pairwise means 
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comparisons for disease incidence between treatments. 
Spread from strip soarccs of inoculiim. Sclerotia were mixed with sand and 
preconditioned under a greenhouse bench in February 1997 by continuous cooling at 6-10 C 
with a chilled ethylene-glycol-water mixture pumped through a 1.27 cm-diameter copper coil 
exchanger embedded in the sand. In May 1997, sclerotia were broadcast by hand in SO m by 
2 m strips at Curtiss Research Farm (one strip) and Hinds Research Farm (two strips) located 
near Ames, Iowa. The land was drill-planted with Williams 82 soybean seed on 20 May at a 
rate of395,000 seeds/ha at a row spacing of 0.19 m. The strips were divided into 2 x 2 m 
quadrats and the number of diseased plants in each quadrat was determined on 14 September. 
The shortest distance between each edge or comer of the strip and the infected plant farthest 
from the strip was determined on 14 September. 
Results 
Corn field to soybean field spread. At Humboldt in 1995, Sclerotinia stem rot 
incidence in the soybean field was greatest adjacent to the com field (area source of 
inoculum) and decreased linearly with increasing distance fix>m the com field for the first 20 
row widths (approximately 15 m firom the edge of the field adjacent to the com field) (Fig. 
4.3). Beyond 15 m, disease incidence in transects B and F decreased exponentially (Fig. 4.4). 
Disease incidence was least in transect A (closest to the highway) and greatest in transect B, 
21-30 m from the eastern edge of the soybean field. On the basis of coefBcients of 
determination and plots of residuals against distance from the area source of inoculimi, the 
iCiyosawa and Shiyomi model (29) provided a better fit to disease gradient data from 
transects B and F (in which disease incidence was measured up to 50 m fix)m southem edge 
of the soybean field) than either Gregory's model (14) or the logit-log transformation model 
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(25). Coefficients ofdeteimination for the disease gradient curves from transect B, transect 
F, and the average of transects B and F were, respectively, 0.88,0.78, and 0.86 for the 
Kiyoshawa and Shiyomi model; 0.76,0.78, and 0.78 for Gregory's model; and 0.77,0.78 and 
0.78 for the logit-log transformation model. Hence, Gregory's model and the logit-log 
transformation models provided {^proximately equally good fits to disease gradient data, but 
the Kiyoshawa and Shiyomi model provided slightly better fits. The pattem of residuals was 
more random for the Kiyoshawa and Shiyomi model than for Gregory's model and the logit-
log transformation model. 
Spread firom com and soybean area soarces. Apothecia in infested areas at Hinds 
Research Farm were first observed on 1 August, and the first signs of disease (mycelia on 
stems of soybean plants) were observed on 9 August, 1996. Average density of apothecia 
was 14/m^ in the soybean area source on 14 August and and 18/m~ in the com area source on 
15 August. Apothecia were not found in noninfested areas of the field. 
In transect I, the number of infected plants per quadrat (4 m~) declined with 
increasing distance fit>m the soybean area source on the two dates when quadrats were rated 
for disease incidence on 22 August and 4 September, but disease incidence was lower on 22 
August than on 4 September (Fig. 4.5). In transect 2, the number of infected plants per 
quadrat on 21 August and on 4 September was initially low close to the inoculum source, 
increased to a maximum approximately 10 m fixim the edge of the soybean area source, then 
declined as distance firom the source increased (Fig. 4.5 ). Disease incidence in transect 2, as 
in transect I, was lower on 21 August than on 4 September. In transects 3 and 4, the number 
of infected plants per quadrat was initially low close to the com area source of inoculum, rose 
to a maximum at approximately 12 m firom the source, then declined with increasing distance 
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from the source (Fig. 4.5). Disease incidence was lower on 21 August than on 5 September, 
but this difference was not as great in transect 3 as it was in transect 4 and transects 1 and 2. 
In transects 5,6, and 7, which spanned the entire length of the field in the noninfested 
area, disease incidence was lowest near the western edge of the field, increased to a 
maximum at approximately 45-60 m fitim the western edge of the field, then dropped sharply 
thereafter (Fig. 4.5). Disease incidence in transects 8 and 9 followed the same general pattern 
as that of tansects 2,3, and 4 (Fig. 4.5), with maxima at 18-20 m from the inoculum source. 
Disease incidence was generally greater in transects perpendicular to the the com area 
source of inoculimi (transects 3 and 4) than in transects perpendicular to the soybean area 
source of inoculimi (transects 1 and 2), and greatest in transects spanning the entire length of 
the field in the noninfested area (transects 5,6, and 7). Infected plants were observed as far 
as 24 m from the edge of the soybean area source, 32 m from the edge of the com area 
source, and 80 m across transects 5,6, and 7. 
Spread from point sources of inoculum. Hot and dry weather in 1995 prevented 
development of high levels of Sclerotinia stem rot. Consequently, disease levels in 1995 
were much lower than disease levels in 1996 (Fig. 4.6), when weather conditions (cool, wet 
weather) were favorable for development of Sclerotinia stem rot to epidemic proportions. 
There was no significant difference at the 5% level in disease incidence between 0.76 m and 
0.19 m row spacing for 1995 and 1996. Disease incidence in the first 3 m^ section from the 
point source of apothecial inoculum was significantly different at the 5% level from disease 
incidence in the third 3 m- section 1996 (Fig. 4.6). Disease incidence in the second section 
was intermediate between disease incidence in the first and third sections in both years. 
Overall, differences between subplot treatments (distance from point source of inoculum) in 
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disease incidence were not significant in 1995 (p = 0.09) but were significant in 1996 (p = 
0.02). 
Spread from strip sources of inoculiim. Prolonged periods of dry weather and hot 
temperatures in 1997 resulted in limited disease development. One infected plant was 
detected in the strip at Curtiss Research Farm. At Elinds Research Farm, infected plants were 
not detected in one strip in one field. In the other field, plants were infected in 12 out of 25 
2-m by 2-m quadrats along the strip source of inoculum. The greatest number of infected 
plants in these quadrats was 5, in a quadrat 14 m north of the southern edge of the 50 m-long 
strip. Perpendicular to this quadrat, an infected plant was detected 18 m east of the strip 
(Table 4.3). Outside the strip source of inoculum, no other plants were detected up to 36 m 
north of the southern edge of the strip. From that point, more infected plants were scattered 
randomly in the north-east direction, up to 35 m from the north-eastern comer of the strip, but 
a definite disease gradient was not discernible due to low disease incidence. 
Discussion 
To the author's knowledge, this is the first smdy to demonstrate patterns of disease 
spread from area, strip, and point sources of inoculum in the soybean-Sl sclerotiorum 
pathosystem. Results from analysis of disease gradients in the soybean field adjacent to the 
com field heavily infested with S. sclerotiorum near Humboldt indicate that ascospores from 
infested fields can disperse to neighboring fields. Disease gradients established from the area 
source of inoculum at this location are similar to disease gradients reported for other 
pathosystems (27,41,45,47) that do not involve S. sclerotiorum. 
It is generally accepted and has been demonstrated that all examples of the general 
exponential model of Lambert et al. (30), such as the power law model (14) or modifications 
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of it (41,42), the expoaeatial model (29), and the models proposed by Jeger (25) provide 
good fits to dispersal, deposition, and disease gradient data from various pathosy stems (11, 
14,16,26,31-37, 38). In this study, however, disease incidence patterns in the transects at 
Hinds Research Farm deviated somewhat fix)m this generally accepted rule in that disease 
incidence was initially low close to the area source, increased to a maximum approximately 
10-12 or 18-20 m firom the source, then decreased in a pattem characteristic of the general 
exponential model. This pattem may be due to the height at which ascospores become 
available for wind transport relative to the ground. Gregory (15) has pointed out that for 
above-ground inoculum sources, there may be a 'skip distance' over which spore deposition 
may first increase with distance firom a source, then decline with distance. The disease 
incidence pattem observed at Hinds Research Farm may be an example of this observation by 
Gregory, because ascospores of S. sclerotiorum in soybean fields become available for long 
distance transport by wind after they are transported above the crop canopy by air currents . 
Because disease gradients generally result from spore deposition gradients, experiments in 
which spores are artificially released to determine spore deposition patterns (18, 19,23,24) 
may provide information that may help to explain observed disease gradients. In a study by 
Sreeramulu and Ramalingam (48), in which Lycopodium and Podaxis spores were released at 
0.5 m at various times of the day, it was found from downwind catches on trap slides that as 
the distance from the source increased, the number of spores deposited also increased at first, 
reached a maximum at 5.0 m from the source, then declined rapidly between 5.0 and 15.0 m, 
resulting in a hollow curve between 5 and 15 m in all six data sets. This deposition pattem 
was attributed to the height of spore release, and is similar to the disease gradient patterns 
observed at Hinds Research Farm in this study. 
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The difference between gradient patterns at Humboldt and at Hinds Farm may be 
related to the height at which ascospores arrived in the noninfested soybean areas. At 
Humboldt, the ground level of the area source was ^ )proximat^ 0.4 m lower than the ground 
level of the soybean field. Therefore, most ascospores arriving in the soybean field must 
necessarily have been carried in rising eddies at least 1 m (more probably several meters) 
above the soybean canopy. 
The observed fluctuations in patterns of disease incidence within individual transects 
spanning the entire length of the field at Hinds Research Farm (transects 5,6, and 7) were 
likely due to random error or may be attributable to air turbulence, which causes individual 
spores to travel different distances and on different paths (31,35). The pattern of disease 
incidence observed in these transects is similar to Markov chain simulation of dispersing 
spores calculated using a random walk model (31,34,52,55,56,58). This simulation is 
based on knowledge of statistics of turbulent transport, including Eulerian and Lagrangian 
properties (44), and has also been applied to agricultural pesticide spray drift above crop 
canopies (53, 54). The assumption in this study is that disease incidence patterns in these 
transects closely matched spore deposition patterns, which Legg (31) indicates may be a 
faulty assumptioiL 
In the experiment at Humboldt, the low disease incidence in transect A (closest to the 
highway) may be attributable, in part, to the effects of air turbulence near the highway. This 
experiment could not be repeated by location or by year under naturally infested field 
conditions due to unfavorable weather conditions for development of Sclerotinia stem rot of 
soybean for most of Iowa in 1995 and 1997, and the corn-soybean rotation schemes used by 
growers. Despite this lack of repetition in naturally infested field conditions, results fi-om the 
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experiment provide useful, previously unreported information about the pattem of spread of 
Sclerotinia stem rot of soybean from an infested field to an adjacent field. 
Results finm dispersal experiments at Hinds Research fkm and at Humboldt indicate 
that ascospores of S. sclerotiorum may be dispersed at least 50 m finm an inoculum area 
source. The dispersal distances repotted in this study are within the range reported by Suzui 
and Kobayashi for ascospores of S. sclerotiorum in bean fields. They estimated dispersal 
distances of 25 m from a point source of apothecia (49) and a few hundred meters during 
long distance transport (50,51). 
At Hinds Research Farm, the greater disease incidence on 21 and 22 August in the 
transects perpendicular to the com area source compared with the transects perpendicular to 
the soybean area source may be due to the greater open space in the com field. S. 
sclerotiorum ascospores are disseminated within a field and firom field to field mainly by 
wind (1), therefore the more open space in a com canopy may allow greater air flow, and 
hence greater ascospore dispersal than the more closed space in a soybean canopy. This may 
depend on the canopy structure of the soybean cultivar planted, as well as the row spacing 
used. At Hinds Research Farm, the greater number of infected plants per quadrat in the 
transects sandwiched between infested areas compared to the transects perpendicular to area 
sources of inoculum indicated an additive effect of ascospores blown from each of the 
infested areas located on each side of the western one-third to one-half of these transects. 
There was a sharp, almost abrupt decline in disease incidence in these transects compared to 
the more gradual decline in disease incidence in the transects adjacent to area sources of 
inoculiun. 
At Hinds Research Farm, the lower density of apothecia in the soybean area source 
I l l  
compared to the com area source was unexpected. Since both the soybean and the com area 
sources were irrigated, effects of moisture availability on apothecial development were likely 
not significant. On the other hand, light has been shown to be necessary for induction of 
apotheciimi formation (21,43). The high crop, and especially leaf, density of the Williams 
82 soybean crop may have reduced the amount of light reaching the ground level and 
required for induction of apothecium formation. This limitation would have been less in the 
more open canopy of the com crop. 
In the experiment to investigate dispersal of S. sclerotiorum from point sources of 
apothecial inoculum, disease incidence data were collected only within experimental plots. It 
is possible that inoculum from the point sources of apothecia may have been dispersed 
beyond experimental plot boundaries. 
More studies are required to determine the mechanisms that underly the ascospore 
dispersal patterns observed in this study. More specifically, studies aimed at detection of S. 
sclerotiorum ascospores in the air, determination of dispersal and deposition gradients, 
elucidation of the efBciency of ascospore deposition on susceptible crop surfaces, and 
determination of the survival potential of ascospores of S. sclerotiorum during long distance 
transport would provide invaluable information on the initial sources of S. sclerotiorum 
infestation for a farm, area, or region in addition to infested seed. 
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Table 4.1. Analysis of variance for percentage incidence of Sclerotinia stem rot at 1,2, and 3 
m from a point source of apothecial inoculum placed in the center of T^^ams 82 soybean 
plots with 0.19 and 0.76 m row spacing at Hinds Research Farm. 1995 
Source 
of 
Variation 
Degrees 
of 
Freedom 
Sums 
of 
Squares 
Mean 
Squares 
Computed 
F 
Probabili  ^
of a Greater 
F 
Replications (R) 2 1831 9.26 
Spacing (S) I 0.05 0.05 0.02 0.9008 
R»S(Ea) 2 4J3 227 
Distance (D) 2 1829 9.15 3J6 0.0873 
S*D 2 2.70 135 0.50 0.6263 
Error (b) 8 21.78 2.72 
Total 17 65.86 
Table 4.2. Analysis of variance for percentage incidence of Sclerotinia stem rot at 1,2, and 3 
m from a point source of apothecial inoculimi placed in the center of Williams 82 soybean 
plots with 0.19 and 0.76 m row spacing at Hinds Research Farm. 1996 
Source 
of 
Variation 
Degrees 
of 
Freedom 
Sums 
of 
Squares 
Mean 
Squares 
Computed 
F 
Probability 
of a Greater 
F 
Replications (R) 2 4642.5 232U 
Spacing (S) 1 1.8 1.8 0.08 0.8090 
R'S(Ea) 2 47.7 23.9 
Distance (D) 2 334.7 167.4 6.63 0.0200 
S'D 2 1.1 0.6 0.02 0.9789 
R»S«D(Eb) 8 201.9 25.2 
Total 17 5229.7 
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Table 4.3. Number of soybean plants infected by Sclerotinia stem rot in 2 x 2 m quadrats 
along a strip source of inoculum and perpendicular distances from the eastem and western 
edges of the strip at which diseased plants &rthest from the strip were detected on 14 
September at Hinds Research Farm, Ames, Iowa. 1997 
Quadrat  ^
Infected plants 
per quadrat 
Infected plants 
outside quadrat 
(east) 
Infected plants 
outside quadrat 
(west) 
Distance &om 
^itfaest inf^ed 
plant (east) (m) 
Distance fix>m 
^rthest inf^ed 
plant (west) (m) 
I 3 0 0 0.0 0.0 
2 2 I 0 2.4 0.0 
J  0 1 0 4.5 0.0 
4 0 0 0 0.0 0.0 
5 0 0 0 0.0 0.0 
6 0 0 0 0.0 0.0 
7 2 0 I 0.0 1.0 
8 0 0 0 0.0 0.0 
9 1 0 0 0.0 0.0 
10 0 0 0 0.0 0.0 
I I  0 0 0 0.0 0.0 
12 0 0 0 0.0 0.0 
13 0 0 0 0.0 0.0 
14 0 0 0 0.0 0.0 
15 3 0 0 0.0 0.0 
16 2 0 0 0.0 0.0 
17 0 0 0 0.0 0.0 
18 5 1 0 18.0 0.0 
19 0 0 0 0.0 0.0 
20 2 0 0 0.0 0.0 
21 I  0 0 0.0 0.0 
22 I  0 0 0.0 0.0 
23 2 0 0 0.0 0.0 
24 4 0 I  0.0 3.5 
25 0 0 0 0.0 0.0 
^ Quadrat 1 was on the northem end and quadrat 25 was on the southern end of the strip. 
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Fig.4.1 Field map of experiment to investigate spread of Sclerotinia stem of rot of soybean 
from a heavily infested com field to an adjacent soybean field at Humboldt, Iowa, 1995. H = 
Highway. 
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Fig. 4.2. Field map of an experiment to investigate spread of Sclerotinia stem 
rot of soybean from infested area sources at Hinds Farm, Ames, Iowa in 1996. 
T1 to T9 = transect 1 to transect 9, respectively. 
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Fig.4.3. Sclerotinia stem rot disease gradients in a soybean field adjacent to a 
heavily infested com field at Humboldt, Iowa, Sept 1995. A: next to Highway 169 
(Hwy); B: 21-30 m, C: 31-40 m, D: 41-50 m, E: 51-60 m, and F: 71-80 m west of Hwy. 
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Fig. 4.4. Disease gradients (Kiyosawa and Shiyomi model) from transects 
B, F, and their average (Avg) from a soybean field adjacent to a com field 
infested with Sclerotinia sclerotiorum at Humboldt, Iowa, 1995. 
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Fig. 4.5 Incidence of soybean Sclerotinia stem rot in non-infested areas 
adjacent to infested area sources at Hinds Farm, Ames, Iowa in 1996. T1 
to T3 = transects 1 to 3, respectively. 
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Fig. 4.5 continued. Incidence of soybean Sclerotinia stem rot in 
non-infested areas adjacent to infested area sources at Hinds Farm, 
Ames, Iowa in 1996. T5 to T7 = transects 5 to 7, respectively. 
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Fig. 4.5 continued. Incidence of Sclerotinia stem rot in non-infested areas 
adjacent to infested area sources at Hinds Farm, Ames, Iowa in 1996. T4, T8, 
and T9 = transects 4, 8, and 9, respectively. 
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Fig. 4.6. Soybean Sclerotinia stem rot incidence in Williams 82 plots treated 
with a point source of apotheciai inoculum at Hinds Farm, Ames, Iowa. Same 
letters denote non-signiiicance at p = 0.05 according to the least significant 
difference test. 
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CHAPTERS. GENERAL CONCLUSIONS 
Results from research reported in this dissertation indicate that levels of soluble 
pigments in seedlings of soybean plants may be related to field resistance to S. sclerotiorum. 
This is the first time this observatioa has been made. More work is needed to determine the 
consistency of this observation among a greater number of cultivars, and to determine the 
nature of this relationship. It may be possible to select resistant plants in the field based on 
intensity of color on suitable plant parts placed in acid solution. 
A related study provided evidence of an inverse relationship between incidence of 
Sclerotinia stem rot in the field and total concentrations of the isoflavones daidzein and 
genistein and their glucosyl conjugates malonyldaidzin, acetyldaidzin, daidzin, 
malonylgenistin, acetyigenistin, and genistin in oven-dried leaves of non-inoculated and 
inoculated soybean cultivars. The moderately resistant cultivars Corsoy 79, S19-90, Dassel, 
A2506, and Parker had higher total concentrations of isoflavones and isofiavone conjugates 
than susceptible cultivars. Genstein inhibited mycelial growth of S. sclerotiorum on water 
agar, indicating that it may play a role in soybean resistance to the pathogen. 
It has been demonstrated that a detached leaf assay and discoloration of severed 
soybean stems by 40 mM oxalic acid may be useful methods of evaluating cultivars for 
resistance to S. sclerotiorum. Measurement of lesion lengths on soybean stems inoculated 
with mycelia of S. sclerotiorum appears to be an unreliable method of evaluating cultivars for 
field resistance to the pathogen. Significant differences in disease levels in soybean cultivars 
evaluated in field, greenhouse, growth chamber, and laboratory experiments indicate that 
resistance to S. sclerotiorum exists in soybean. 
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Results from field experiments on pathogen dispersal indicate that ascospores of S. 
sclerotiorum can disperse at least 50 m &om area sources of inoculum. The results suggest 
that S. sclerotiorum ascospores can disperse fiom infested to adjacent fields. Information 
gained firom pathogen dispersal studies may help growers, seed companies, agronomists, 
plant pathologists, and extension specialists to devise control strategies aimed at reducing 
yield loss caused by S. sclerotiorum. More studies are required to determine the mechanisms 
that underly the ascospore dispersal patterns observed in the pathogen dispersal studies 
reported here. More specifically, studies aimed at detection of S. Sclerotiorum ascospores in 
the air, determination of dispersal, deposition, and disease gradients, elucidation of the 
efSciency of ascospore deposition on susceptible crop surfaces, and determination of the 
survival potential of ascospores of S. sclerotiorum during long distance transport would 
provide invaluable information that would be instrumental in managing Sclerotinia stem rot. 
